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1.0 Background

The ocean is a tremendous source of energy in the form of random waves. Harvesting energy
from these motions has been a subject of interest for centuries. However, numerous attempts
have been unsuccessful as devices failed to survive the severe and corrosive marine environment.
Even today, a reliable and cost effective solution has not yet been developed. In this program,
Teledyne Scientific Company (TSC) attempts to develop a unique solution to address these
challenges.

This program has been funded by DARPA contract HR0011-06-C-0030 through three phases of
development. The concept was first validated in Phase 1 (February 2003 — May 2004), in which
we carried out fundamental studies on the near-zero friction ferrofluid bearings, fabricated a low
frequency linear generator, and integrated the generator to a floating platform to produce 0.37
Watts of power from light wind waves just off the coastline in La Jolla, California. In Phase 2
(June 2005 — April 2006) we improved the performance by developing a mass-spring type low
frequency linear generator, enabled by the same near-zero-friction liquid bearing to improve
dynamic sensitivity and robustness. Phase 2 suggested the potential to harvest tens of Watts of
energy with a small device in multiple sea states. During Phase 3, the work centered around two
areas: 1) designing, developing, and deploying under known conditions devices to generate 3
Watts of power, and 20 Watts of power, respectively; and 2) further development of the
numerical model to predict wave energy generator performance for given sea conditions.

1.1 Phase 3 Objectives

The objectives of the Ocean Wave Energy Harvesting Devices Phase 3 program are:

1. Demonstrate autonomous self-powered buoy capable of generating 20 Watts output in
arbitrary conditions encompassing a broad range of sea states (Sea States 1-5). Size and
weight not to significantly exceed profile of Mark 46 Torpedo (L ~ 2.6m; D ~ 324 mm;
Wt ~ 235 kg).

2. Demonstrate autonomous self-powered buoy capable of generating 3 Watts in calm
waters (Sea State 1), with size and weight amenable to manual deployment from a boat
by two persons.

3. Demonstrate "rules and tools" for design of self-powered buoys, based on simulations
encompassing all significant parameters for ocean behavior and device physics, verified
by comprehensive wave tank and ocean testing.

1.2 Team

There are two team members:
1. Teledyne Scientific Company (TSC) — Prime contractor: Linear generator design and
fabrication; device design; computer simulation; bench and field test.
2. Oceanscience Group (OS) — Subcontractor: Buoy design/manufacturing and field test.
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Government participation in this Phase 3 program was critical to success. Government
sponsored participants were:

Mr. Jeff Lloyd - Logistics, field testing, report reviews, technology application for Navy
SPAWAR Systems Center — San Diego

53560 Hull Street

San Diego, CA 92152

jeffrey.m.lloyd@navy.mil

619-553-1699

Mr. Warren Bartel - Hydro-dynamic model development
NAVFAC Engineering Service Center

1100 23" Ave, Port Hueneme, CA 93043 USA
warren.bartel@navy.mil

(805) 982-1215

1.3 Achievements

The Phase 3 program achieved the following:

Development of a mechanically sound buoy design, which generated 10W average power
in Beaufort Sea State 1, and showed potential for up to 20W in Sea State 4. The device is
completely sealed from the environment.

Development of a wave energy harvesting buoy capable of generating 2W in Sea State 1,
and with proper mechanical alignment able to generate over 4W.

Development of two modeling capabilities: a classical mechanical model used for
optimizing the electromagnetic design, and a hydrodynamic model to predict device
performance given a set of buoy/generator design characteristics and environmental
conditions. The latter model allows input of actual wave spectra, winds and currents. It
also has the capability to simulate mooring designs and their impact on power production.
A literature search to determine available wave energy in the 1-3 second wave period
band was sufficient to meet the 20W power requirements in Sea State 1. The result of
this study indicated a device with conversion efficiency on order of 10% could generate
20W on average from waves with periods faster than 3 seconds.

Device response was broadened by employing a hybrid buoy design with a wave
following float collar integrated with a long spar instrument well, which housed the linear
generator and electronics.

Table 1 below summarizes the Phase 3 program.
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Table 1. Key aspects of the Phase 3 program.

Tasks

QU=

00

Enhance and validate simulation model for prediction of generator performance
Develop generator/buoy design approaches for broadband response

Perform trade study to optimize design based on enhanced simulation results
Build and ruggedize optimized generator/buoy assemblies

Conduct extended field testing at Monterey test site

Improve simulation model and design as necessary based on ocean testing to provide
final “rules and tools” for generator/buoy design

Identify appropriate DOD transition path and key applications

Write final report

Verify simulation-predicted behavior of optimized buoys via field testing in wave
tank and sea tests with documented wave conditions

Technical
Problems

Serious mechanical issues were encountered during the course of each generator
design, as a result of very stringent tolerances on non-metallic parts to maintain air
gap dimensions and optimize generator power output. These issues created
significant cost and schedule impacts which prevented addressing broadband
response as planned in task 2.

Mass spring linear generator current state of the art makes devices for higher power
(> than 100W) sufficiently large and impractical.

General
Methodology

Laboratory experiments, numerical and physical model simulations, prototype
fabrication, wave tank testing, and field trials.

Technical Results

Enhanced numerical model capability developed and validated.

Hybrid (spar-discus) buoys can provide a broader wave frequency response,
increasing wave-buoy energy transfer efficiency.

Buoy/generator designs were produced to generate 2-4W and 10-20W in Beaufort
Sea States 1-3.

Magnet/coil and magnet/buoy mass ratios should be maximized while maintaining
stability and dominant heave motion.

Available wave energy in the 1-3 s band is sufficient to produce 20W of power.

Important
Findings and
Conclusions

[89)

Reproducible robust system design producing

a. 10W average over five hours in Beaufort Sea State 1

b. >20W intermittently in Beaufort Sea State 4
Numerical modeling tool able to predict system performance for a buoy design
operating in a given set of environmental conditions.

Significant
Hardware
Development

Designed, built and tested four wave energy harvesting buoys with data loggers and
integrated accelerometer packages

a. One scale model buoy producing 300mW

b. One 3W buoy

c. Two 20W buoys

Special
Comments

W N -

Presented technical paper at Ocean Energy Conference, August, 2007

Presented technical paper at ADCP User Conference in November 2007

Teledyne is internally funding development of a prototype wave energy powered
“gateway” subsurface-to-RF communications buoy. This program will be completed
in 2008.

Implications for
Future Research
and Development

Long-term device testing should be undertaken to characterize performance over a
broader range of ocean conditions.

Development of battery charging electronics to achieve charging efficiency greater
than 80% for energy produced by wave harvesting buoy.

Current designs are costly to build. Further development should be undertaken to
reduce cost of manufacturing.

Available spring technology currently drives the size and frequency of the generator.
Other spring types should be investigated, including air and compression springs.
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2.0 Fundamental Design Principles

2.1 Energy flow in wave energy harvesting buoy

The net energy conversion efficiency of a wave energy harvesting buoy is a product of the
efficiencies of three sequential energy transfer processes:

Mnee =Th X1 X1

n = Wave to buoy motion transfer efficiency
n, = Buoy to magnet motion transfer efficiency
7, = Electrical generator efficiency

The device design must take all into consideration and optimize the efficiency of each energy
transfer process. The following paragraph gives a brief description of the underlying physics of
these processes and the basis of the numerical modeling. In the actual devices, there is significant
feedback among the three transfer processes, and they are not separable from one another.

2.1.1 Wave motion to buoy motion energy transfer
The response of a buoy to waves is one of the most intensely studied subjects in the field of
hydrodynamics. The frequency dependence of wave height 4, (f) and buoy heave motion

A,(f), which is most relevant for driving a linear generator, can be expressed as:

4,(f)=RAO(f)*x 4,(f)

where RAO( f) is the Response Amplitude Operator defined as the ratio of the buoy heave
height to the water surface elevation. This operator is characteristic for each buoy depending on
its shape, drag characteristic and mass distribution. The two extreme cases of a cylindrical
shaped buoy with draft L and cross section of the water plane “A” are Spar buoy (L >>A) and
Discus buoy ( L <<A). Their RAO are very different as shown in Fig. 1.
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Fig. 1. The Response Amplitude Operator of a Discus buoy and a Spar buoy.

; : 1 .
The spar buoy acts a tuned oscillator with a natural heave frequency f = 5= g T where g is
T

the gravitation constant. It resonates with wave motion and produces large heave displacement in
a narrow band at the resonant frequency. Although the enhanced heave motion is beneficial to a
linear generator, the lack of response to a wide range of sea states limits its use as the platform
for a wave energy harvesting buoy. The other extreme case, a discus buoy, acts as a wave
follower with RAO of unity though out the wave band. However, it does not have any enhanced
heave motion and its size is too large to be practical for our uses. An alternative approach is the
hybrid buoy design by attaching a short cylindrical float collar to the top of a spar buoy. This
design exhibits some tuned heave enhancement and the response is much broader.

2.1.2 Buoy motion to spring-mass inertia of the magnet car
The second process is the energy transfer between the buoy and the spring-mass linear generator

with a natural frequency f, :%Jz , where k is the spring constant and m is the mass. In a
T \m

simplified view, the buoy and the generator can be treated as coupled oscillators each with a
different damping term. The damping of the buoy is caused by its drag. The damping of the
magnet car (the moving assembly that carries the magnets) corresponds to its interaction with the
counter EM force at it passes through the coils. The classical mechanical formulation of this
problem involves solving a pair of differential equations of motion.

dv day,
k,(Ah—y) =k, (y, —-":)'y(T;_ dat

b, dv,
k:(.\'] — -‘-: "_’ l-//. ”(_('_;.-_"_~) =m

dt d
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Where y, and y refer to the reference coordinates of the buoy and the magnet car, respectively.
Other parameters in the equations are:
m;: Mass of the buoy only
Ah: Amplitude of a monochromatic, sinusoidal wave Ah = Asin(27¢/T) where
A is the wave peak amplitude and T is the wave period.
v1: The damping coefficients between water and the buoy.
m,:  Mass of the magnet car
k,: Spring constant of the spring(s) connected to the magnet car
vem: The damping coefficient due to the counter EM force between the magnet car and the
coils

This formulation gives accurate prediction of system performance under ideal conditions. It
serves as a design tool to select parameters of key components such as spring constant, magnet
car mass and resistive load for optimal performance.

2.1.3 Magnet car motion to electrical energy output

This is the generator efficiency and can be measured by bench test under controlled conditions.
Energy output can be calculated by solving equations (1) and (2) in the previous section to obtain
the oscillatory displacement between the magnet car and coil. From that, the velocity of magnet
car with respect to the coils, Vimae, can be determined and output energy, Eou, can be obtained

by the simple relationship Eou=V’mag¥em. This approach is used both in the classical mechanical
model as well as the more elaborate Orcaflex hydrodynamic model. It is valid if damping is
caused only by the counter EM force. In our device, this is a good assumption since the parasitic
frictional loss is reduced by using the ferrofluid lubricant.

The above formulations define the underlying physical principle of the wave energy harvesting
device operation. Their model calculation results provide design guidelines in mass distribution,
device layout and the selection criteria of critical hardware components. Some of these selection
criteria are:
e Springs
o Spring constant (natural frequency of the linear generator)
o Initial tension (determines the device length)
o Maximum load (determines the mass of the magnet car)
o Mass (1/20 or less than the mass of magnet car in order to sustain resonant
oscillation)
o Maximum deflection length (Dynamic range and lifetime issues): the devices are
designed so the range of the spring extension is less than 60% of the maximum

deflection.
e Magnets
o High strength magnets (NdFeB magnet Grade 42 and higher)

e (oils
o Number of turns (optimize energy capture)
o Wire gauge size (optimize system output voltage range)
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3.0 Available Wave Energy Calculations

A literature search was conducted to determine the calculations required to estimate available
wave energy for a given set of wave conditions. Our work focused on energy available between
1-3 second wave periods to determine if we could reach our power production goals by
optimizing for this band only. The United States Minerals Management Service (MMS) has
published a white paper on harnessing wave energy entitled “Wave Energy Potential on the
Outer U.S. Continental Shelf”. From this paper the common measure of wave power, P, is

P =pg’TH" /32 pi watt per meter (W/m) of crest length (distance along an individual crest),
where:

p = the density of seawater = 1,025 kg/m3,

g = acceleration due to gravity = 9.8 m/s/s,
T = period of wave (s), and
H = wave height (m).

Further MMS states, “typical wave energy in U.S. offshore regions (at a depth of 60M) ranges
from 2 to 6 kW/m in the mid-Atlantic, 12 to 22 kW/m in regions such as Hawaii with trade
winds, and 36 to 72 kW/m in northwestern U.S. coastal areas near Washington and Oregon.”

Applying this equation to the wave data collected at Scripps Pier during testing in July leads to
the results presented in Table 2 below.

Table 2. Available Wave Energy from data collected by a TRDI ADCP on July 20, 2007

LaJolla, CA July 20, 2007 - Scripps Pier ADCP Data

Total Available Power [9:17am [9:37am [1:00pm 1:21pm |1:42pm
1-3.0 second 129 205 244 280 253|W/m
2.5-5.0 second 544 626 564 526 586|W/m
5-8 second 1904 1774 1565 1702 2070|W/m
8-21 second 248 345 666 315 1761 |W/m

The power in the 1-3 second band has on average more than 220 watts/m available. To equate
this available power number to a specific device harvesting capability, it is important to
determine device type. There are three classes of wave energy device types: a terminator, an
attenuator or a point absorber.

According to MMS, terminator devices extend perpendicular to the direction of wave travel and
capture or reflect the power of the wave (OWC), attenuators are long multi-segment floating
structures oriented parallel to the direction of the wave travel (Pelamis), and point absorbers have
a small horizontal dimension compared with the vertical dimension, and utilize the rise and fall
of the wave height at a single point for wave energy capture (OPT and Teledyne).

Studies indicate the point absorber harvests data from a significantly larger area and therefore the
available power number should be a factor of 3-5 times greater than its linear cross section would
indicate. Assuming a very conservative factor of 1 for a "point absorber" wave harvester the
required efficiency for the system needs to be 10% to meet the 20W power generation goal given
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an average available power in the 1-3 second wave periods of 251 W/m for Monterey Bay during
October 2006 (NDBC M1 Wave Buoy Data Review). These calculations are open to
interpretation due to the nature of point absorbers and the disagreement among the industry on
best practices. We will track these numbers for each new deployment and calculate system
efficiency for future modeling and reference. We are not assuming these numbers are conclusive
at this point, but we can use them as indicators and baseline for future tests.

4.0 Hydrodynamic Model Development

Warren Bartel of the Naval Facilities Engineering Command, Engineering Service Center, was
identified as the leading expert in buoy hydrodynamic modeling, and was contracted through
SPAWAR to develop the power performance model for the wave energy harvesting buoy. The
model was developed using Orcaflex (www.orcina.com) ocean structural software. The NFESC
hydrodynamic model implementation for the energy harvesting buoy uses the following
approach:
* Models buoy and magnet stack assemblies as rigid bodies
« Employs ocean fluid hydrostatics and hydrodynamic modeling capability for currents,
wind and waves
« Assumes Relative Motion Morison equation theory for wave loading
+ Has mooring system modeling capability with extra buoys, cables and anchor
* Accepts as Input:
— Buoy Geometry, Mass, Spring constant Inertia, Magnet Mechanical Properties,
Ocean Wave and Current information
* Produces Output:
— Time series and Frequency Spectra of Motions of Buoy, Motions of Magnet
Assembly, Mooring Cable Tensions

The process for running a simulation is:

« Buoy properties are first built and calculated using Solidworks software. The size,
weight and moment of inertia are used for input into the Orcaflex model

+ The EMF damping for the magnet sliding through the coils is translated in to an
equivalent mechanical damping in the model. The EMF damping is measured using an
Oscilloscope after the buoy is built to confirm the model estimate.

+ The buoy added-mass and viscous damping are first estimated based on reference
material and then updated using field pluck test measurements to fine tune the values

» Drag coefficients for the buoy are based on Reynolds number and shape of the buoy

« The mooring line properties are calculated for material chosen and allows elasticity and
fluid drag and inertia effects

» The relative velocity of the magnet stack assembly inside the buoy is used to calculate the
electrical power, P=V*/R

Fig. 2 shows the model output for buoy heave and magnet stack velocity. Fig. 3 shows the
power output over a 3 minute simulation.
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Fig. 2. Buoy heave motion and magnet stack velocity from a 2 minute simulation.
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Fig. 3. Power output from 3 minute model simulation.

Overall model performance (accuracy) is still being evaluated. However, the hindcasts of the
Monterey and Oceanside tests, shown below in Table 3, depict generally good agreement with
field measurements. Wave data input for the model below 0.58 hz had to be extrapolated due to
the cut-off frequency of the measured wave data from the NDBC buoys in Monterey and
Oceanside.
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Table 3. Comparison of measured and calculated power from deployments in Monterey Bay, CA
on October 25" and 26" 2007 and Oceanside, CA on November 16", 2007

Date/Time Measured power (W) Model prediction (W) | % Difference
10/25/2007 / 1430 | 15.1 W 259 W +71%
10/26/2007/ 1030 [ 11.6 W 123 W +6%
11/16/2007 /0930 | 8.9 W 9.0 W +1.1%
11/16/2007 / 1330 [ 9.0 W 8.1W -10%

4.1 Potential Error Sources

e Measured wave input data not accurately measured for waves below 3 second periods
requiring extrapolation for the model input.
Orcaflex uses a non-directionally spread wave, so it may be that more energy is created by
a combined surge, sway, heave, roll, pitch and yaw response as wave energy is
approaching from multiple directions. Orcina may add this feature in future software
releases.
The model equivalent EMF damping assumes a linear relationship and may not accurately
reflect the actual damping under all conditions. This is currently the best implementation
unless a mathematical model of this can be derived. Orcaflex can interface with external
software for the coupling.

The model has been invaluable in three areas to date:

1. Buoy design — the model has been used to optimize the buoy shape and collar size for
maximum power generation.

2. Resistive load determination — The model has been used to simulate “pluck tests™ for
maximum power under a given set of environmental conditions, and to provide output
wave forms which can then be used in the lab to choose the best resistive load.
Mooring design — The model has allowed to us simulate several moorings designs
and their impact on power generation.

5.0 Hardware Design and Optimization

In order to achieve the program goals, we used a basic design that consists of a spring-mass type
linear generator mounted inside a hermetically sealed buoy to couple energy from wave motion
via resonant oscillation. The enabling technology is the use of lubricant to significantly reduce
the friction between the moving parts of the generator and increase its dynamic sensitivity to
capture energy from the slightest external motion.

We developed the buoy and the generator in a parallel effort and combined the two to build the
wave energy harvesting devices. Devices were tested under controlled wave tank condition as
well as in the ocean with different sea states. In order to achieve the 20W device program goal,
we took an incremental approach by first making a small Scale Model (<1 W), then a 3 Watt
device and eventually the 20W device in conjunction with extensive hydrodynamic and numeric
modeling. In addition to using the Orcaflex hydrodynamic model described in the previous
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section, we developed a numerical tool that solves the equations of motion for coupled
oscillators subjected to sinusoidal, monochromatic forcing. Results were used to predict the
general device performance trends and to determine the optimal load resistance for extracting
electrical energy from the generator.

Operation of the wave energy harvester may be viewed as two discrete steps. First, wave energy
produces buoy motion. Then this motion is transferred to the linear generator to produce
electrical energy. The induction coils (i.e. stator) are fixed to the buoy and the magnet assembly
(i.e. magnet car) is suspended from springs. The oscillatory motion causes the coils to cut the
magnetic flux and produce electrical energy. Unlike the common rotary generator, the linear
generator uses heavy magnets and a heavy yoke plate network to provide very high magnetic
flux density in a narrow air gap.

5.1 Linear generator design and optimization

Our generator design, shown in Fig. 4, consists of disc-shaped induction coils of alternating
polarity that are fitted into a cartridge of insulating material. The coil cartridge is placed in the
space (airgap) between two rows of permanent magnets mounted on high permeability yoke
plates to form a “magnet car’. Magnets are arranged such that adjacent magnets have the
opposite polarity and opposing magnet faces have the opposite polarity, thus completing a
magnetic flux loop through the airgap with flux lines perpendicular to the coils. Heavy NdFeB
magnets were used to produce a magnetic flux density exceeding 6000 Gauss in the airgap.
Voltages are induced across the individual coils as the magnet car slides through the coil
cartridge. Power can be extracted by connecting the output to a resistive load. Transversal linear
generator has two major advantages that are relevant to the development of 20W device. They
are:

1. Scalability: A generator module consists of a pair of magnets, a yoke plate, and a colil.
Multiple units can be stacked to a form a 3D array for maximum packing density. For
example, the 20W device used in the Monterey Bay test has 40 generator units arranged
in five layers. Each layer has two columns and each column has four units.

2. Favorable weight distribution: Since the magnet car is the moving part of the oscillator,
its mass is directly related to the amount of power that can be captured and stored.
Therefore, the majority part of the generator mass should be distributed in the magnet car.
In our current design, the magnet car to coil mass ratio exceeds 20:1.

Coils

Yoke plate

Ferrofluid

Fig. 4. Teledyne linear generator design. The red arrow lines are the magnetic flux loop.
Multiple modular units can be stacked to form a 3-dimensional array.
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5.2 Optimization

In order to optimize the generator performance, the three important design issues are: (1) Airgap
dimension, (2) Spring-mass characteristics, and (3) Load impedance or load resistance. We will
discuss them in the following:

5.2.1 Airgap optimization

As the coils cut the magnetic flux in the airgap, voltage is induced across all coils. Electrical
energy can be extracted by connecting the output to a load with an impedance Ry.. The induced
voltage V and extracted energy E can be expressed as:

E=V*/R,

where

V = Aluml dB%

A ol is the total area enclosed by all turns of the coil. By is the density of magnetic flux,
perpendicular to the coil, in the airgap. For energy harvesting, we maximize magnetic flux
density in the airgap, the total area enclosed by the coil, and the relative magnet-coil velocity.
Magnetic flux density in the airgap B, can be determined from the following relation:

BB o
e
where ty = thickness of the magnet
B, = magnetic flux density in airgap
B, = remnant flux density in magnet (strength of the magnet)
L = relative permeability
u = airgap size

Equation (2) shows that the airgap dimension should be as small as possible in order to achieve
high magnetic flux density. Yet at the same time, according to equation (1), large

A o, Or the total area enclosed by all turns of the coil, is needed. This will require a large airgap.
Therefore, there is an optimum airgap dimension. Based on magnetic flux distribution analysis
and empirical measurement, we determined the optimum airgap for the 20W device to be 11.4
mm. Table 4 lists the design parameters for the 20W device.
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Table 4. 20W Device Design Parameters
Magnet thickness 6.35 mm x 38 mm square
Magnetic flux density in the 6,500 7,500 Gauss (measured)
airgap
Remnant flux density in magnet 11,300 Gauss (Grade 42, NdFeB
magnets)
Relative permeability 1.05
Airgap size 11.4 mm

5.2.2 Spring-mass system optimization

The magnet car is suspended from a set of springs to form an oscillating system. It serves as a
part of the linear generator as well as an energy storage reservoir. Energy is constantly
transferred to the coils to generate electricity as it is replenished by coupling with the wave
motion. For best performance, the natural frequency of the generator must be matched to an
appropriately energetic band of the wave power spectrum. The size of the spring-mass system
can be estimated by solving the equation of a coupled oscillator. Fig. 5 shows the power vs.
period dependence of a linear generator with different magnet masses. The spring constant scales
up accordingly so the natural oscillating periods remain constant at 1.6 sec. This calculation
gives us guideline in choosing the spring mass characteristics in order to deliver the desired
power. The magnet masses for various devices tested in this program are: 1 kg (Scale Model), 9
kg (3W device), and 29.5 kg (20W device). As the magnet mass increases, multiple springs were
used in parallel to deliver the required performance.

100

80

60

40

Power (W)

20

0

1.0 1.5 2.0

Wave period (s)

Fig. 5. Model calculation on the output power vs. wave period dependence for linear generators
with different magnet mass.

5.2.3 Resistive load optimization

The load resistor plays a significant role in linear generator performance. Fig. 6 shows power vs.
period dependence with different load resistors. Calculations were made for the 20W device
tested at Monterey Bay. The resistor load is expressed as a damping coefficient I" that determines
the EM coupling between the coil and the magnet car. If the load is too small (i.e. large resistor),
such as ['=10 in the calculation, the system is under-damped. The power dependence shows a
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sharp peak at the resonant period of the oscillator. Under this condition, oscillating amplitude of
the magnet car can exceed the mechanical limit of the springs. This not only affects the spring
lifetime (and device lifetime) but also causes large shift of the center of gravity (CG) and makes
the device unstable. As the load resistance increases (i.e. large damping coefficient such as
'=100), the device is over-damped. In this case, the motion of the magnet car is restricted by a
large cogging force leading to low output in the low frequency wave band. Based on this
calculation, we chose '=40 as the best load. Under this condition, the maximum spring extension

is 38 cm, much lower than the mechanical limit.

60
Best load
(=ag Under damping
(r=10)

40
=
o Over damping
a (r=100)

20

0
1.0 1.5 20 2.5
T (s)

Fig. 6. Model calculation for power vs. wave period dependence for three different EM damping

conditions.
0.2
I'=100 1

E » I'=40
c r=10
)
qE, 0 T *1‘
§ 0 1 2 2,5
o
B -0.1 4

0.2

T (s)

Fig. 7. Calculated magnet car displacement oscillation decay in “Pluck” experiment under three

different EM damping conditions (i.e. load resistance).

Ocean Wave Energy Harvesting Phase 3 Final Report January 2008

Page 14




The relationship between the damping coefficient I"and the load resistance is difficult to
calculate without the precise knowledge of magnetic field distribution in the airgap. But it can be
determined semi-empirically by a “Pluck Test” to measure the magnet car oscillation decay after
a known initial excitation. The best load resistance can be determined by matching the measured
damping data with model calculation. Fig. 8 shows the calculated magnet oscillation decay
under the best damping coefficient '=40. Two initial extension values were used at 20 cm and
15 cm. The height of the first oscillation peak L, should be 13.6 cm and 8.3 cm, respectively. We
then select a load resistor to match this performance. For the 20W device, an excellent match
was achieved in both cases by using a 50 Ohm load resistor. This load was used for the Monterey
Bay test. After the deployment, we removed the generator from the buoy and repeated the pluck
tests. Results remained unchanged, indicating no mechanical degradation.

0.2
R,=50 Q (L,=0.15 m) R,=50 Q (L,=0.2 m)

=40 (L,=0.2 m)

Displacement (m)

=40 (L,=0.15 m)

Time (s)

Fig. 8. Pluck experiments to determine the “Best Load” for the 20W device tested at Monterey
Bay. The Blue and Red solid curves are calculated oscillation amplitude decay for initial
displacement of 0.2 m and 0.15 m, respectively. The Red and Blue squares are measurement
data for a 50 Ohm load.

This systematic approach to determine the best load has taken out the guesswork and proved to
be effective. Furthermore, the load calculation also accurately predicts spring extension during
generator operation. This allows design of the spring so that spring life will not become an issue.

5.3 Buoy design and optimization

The buoy is designed to achieve maximum wave energy to heave coupling over a broad range of
wave conditions. It must also be stable under all conditions. The challenge is further complicated
by the presence of the oscillating magnet with its considerable mass. We combined the results
from hydrodynamic modeling and wave tank tests to design the buoy.
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The initial approach was a plain spar buoy. But the idea was quickly found to be unsuitable
because of the narrow frequency response. A pure spar buoy heaves in a very narrow band of
wave spectrum with a natural period T= 1/2n (g/L)"?, where L is the draft and g is the
gravitational constant. Outside of this narrow band, the spar buoy has little motion. A small spar
is also more difficult to stabilize due to the constant change of the center of gravity with magnet

car oscillation.

In order to address this issue, we added a float collar near the top of the spar to make a hybrid
spar-discus buoy. The collar adds stability and broadens the heave response of the buoy. For the
20W device, after extensive test at OTRC, we chose a 600 mm diameter collar. The natural
period of this device is under 1 second and it is responsive to a much broader range of wave
periods. The collar is sufficiently small to not appreciably perturb an oceanic wave field. The
OTRC test also indicated that adding a conical float section just below the cylindrical collar can
reduce the drag and increase the degree of heave. This design was used at Monterey.

6.0 Results for Energy Harvesting Buoys

Prior to the 20W device, two smaller energy harvesting buoys were built and tested. A brief
summary of their performance follows.

6.1 Scale model

The Scale Model had a 1 kg magnet stack suspended from a single spring. This produced a
generator natural period of 1.5 seconds. There were six induction coils whose outputs were
connected to a rectifier bridge network to form a single output. The device was placed inside a
150 mm diameter tube with a 250 mm diameter float collar. Extensive bench tests, wave tank
tests (SIO) and ocean tests (Imperial Beach and Oceanside) were carried out. Key findings were:
e Monochromatic wave tank test results are in excellent agreement with “dry” bench
test. (Fig. 9)
e Ferrofluid liquid bearing plays a key role and allows the device to perform in
positions deviating from vertical resulting a 3- to 7- fold performance improvement
e In choppy waves off the coast of Oceanside, the unit produced close to 300 mW of
power. A Fourier analysis of the power spectrum shows similar results as measured at
the SIO wave tank under discrete monochromatic waves.

The Scale Model study led us to the float collar design for later buoys and increased our

understanding of the significance of buoy motion on device performance. Results were used to
validate and calibrate hydrodynamic simulation using the Orcaflex software.
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Fig. 9. Scale model comparison of wave tank test with laboratory bench test.

6.2 3W Buoy

The 3W was similar to the scale model. Brass ballast was attached to the bottom of the magnet
stack to achieve the required 10 kg mass as shown in Fig.10. The device was field tested off
Scripps Pier under two sea states. We used real time wave data from a bottom-mounted ADCP.
The results allowed us to refine the hydrodynamic model. The maximum power was 1.88 W
when the sea was choppy. The 3W device had excessive friction associated with long excursion
and lack of stiffness of construction materials.

Coils, springs
magnet stack and
shield

Ballast and low
— friction liquid
cushions (red)

Fig. 10. Scale model. Comparison of wave tank test with laboratory bench test.
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6.3 20W Energy Harvesting Buoys and Monterey Bay Test

We designed and manufactured two 20W buoys. The first one was used for the OTRC test and
the second device was used for the Monterey Bay test.

20W OTRC Buoy:

This device design is shown in Fig. 11. It has 42 pairs of 40 mm diameter magnets. The magnets
are arranged radially in eight groups and slide over eight coil cartridges with coils at matching
center-to-center spacing. Because of the mechanical complexity, the spring-mass oscillator
suffered from mechanical friction that had a significant impact on the wave tank test results.

F i . 20W device used for OTRC test. 11a. Magnet car with radial design. 11b. Final
generator assembly with multiple springs, magnet car and matching coil cartridge.

During the OTRC test, we carried out a total of 48 experiments under different wave conditions,
both monochromatic as well as simulated sea states. We also studied the effect of different float
collars. Key findings of these experiments are:
e A 600 mm diameter float collar gave the best performance both in terms of
broadband response and stability.
The constant oscillatory of the heavy magnet stack (29 kg) changed the buoy CG and
induced abnormal buoy movements, which were successfully predicted by
hydrodynamic model, thus giving further validation to the model.
The design of this scale requires very high precision mechanical tolerances that are
difficult to achieve in plastic. Design modifications are needed to rectify this
limitation.

20W Monterey Bay device:

Fig. 12a shows the 20W device used in Monterey Bay test. It is similar to the unit used in OTRC
test with a moving magnet car and fixed induced coils, except the magnet pair generator units are
arranged in a 3D Cartesian coordinate as shown in Fig. 12b. The array consists of two rows of air
gaps columns. There are 5 columns in each row and 4 magnet pairs in each column. Induction
coils are embedded inside polycarbonate blades shown in fig. 12¢c. The spaces between coils are
matched to that of the magnet pairs. This design is more rigid than the device used in OTRC test
and the magnet stack can oscillate freely without mechanical damping. The 32 kg magnet car
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was suspended from 36 springs with a combined spring constant of 508 Newton/meter, giving
the spring-mass system a natural period of 1.58 seconds. We determined the “best load” with the
scheme described in previous section to be 50 Ohms. A pluck test measuring the damping
characteristics of the magnet movement was recorded and used in a hydrodynamic model
simulation. The same pluck test was repeated after the sea test to assure that the device had no
mechanical degradation. A 600 mm diameter collar with a low drag conical section was used.
The device is 2.0-m tall including ballast and weighs 86 kg. The device also has an onboard data
logger with 100-m range Bluetooth transmission for remote data download. An IMU unit records
6 DOF in real time. Two tests were made in Monterey Bay off M1 and M2 buoy in different sea
states.

Magnetcar

*— with ballast

<«— Coil blades

Fig. 12.
12a. 20W device with buoy and float collar used in Monterey Bay ftest.

12b. Top view of the magnet car showing 10 air gap columns. 12c. Polycarbonate induction coil

blades.
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Monterey Bay Test Summary — October 25-26, 2007

A team from Teledyne Scientific, Ocean Science and SPAWAR traveled to Monterey during the
week of October 22, 2007 for testing of the wave energy buoy. The field tests were organized
and supported by DARPA personnel as well as MBARI and the research vessel Zephyr. Fig. 13
below shows the test locations for each day.

-128° -122° -121°

-128° -122° -121

Fig. 13. Monterey Bay Test locations (Day I and Day 2)

Day 1 — October 25"

The Zephyr transited to the M1 buoy location and the wave energy buoy was deployed at 10:00
am and recovered at 3:24 pm. Hourly communications checks were conducted and indicated all
electronics were functioning correctly. Winds were blustery, and increasing throughout the
day. At 3pm, the wind speeds were measured at 20 kts. Significant wave height was 2.7M and
peak wave period was 11 seconds. The available wave energy is shown in Fig. 14.
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Available Wave Energy
2-4 second band
October 25, 2007 - 1530
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Fig. 14. Available wave energy in the 2-4 second band in Watts/m on October 25" at 1530

However, when the power data was downloaded from the logger, a programming error was
discovered which resulted in the logger overwriting all data aside from a 3-minute section just

prior to recovery. This data is shown below in Fig. 15 along with a photograph from the same
time frame.

Oct/25 3:00 pm
(10 seconds average)

i 1

Fig. 15. Test data on Day 1 (Oct. 25 15:00) and photograph from the same time frame.
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Day 2 — October 26, 2007

The Zephyr transited out to the M2 buoy location on the 2" day. The wave energy buoy was
deployed at 10 am and recovered just after 3 pm. A 5 hour continuous record of power and 6
DOF motion was recorded. Winds at the start of the deployment were 4 kts and subsided to 1-2
kts for the majority of the day. Significant wave heights were 2.8 M with a peak wave period of
13 seconds for the entire day. Little or no surface wind chop was evident. Fig. 16 below shows
the available wave energy calculated from the NDBC buoy located near M2 Significantly less
high frequency energy was available as compared to the conditions on the 25",

Available Wave Energy
2-4 second band
Monterey 10/26, 2007

400 385 370 357 345 333 323 313 303 294 286 278 270 263 25 250 244 238
Wave Period (s)

Fig. 16. Available wave energy calculated from the NDBC buoy collocated with the M2 buoy in
Watts/m for the 2-4 second band.

Fig. 17 shows the 1 minute running average power from 1000 1100 hrs. Average power during

this hour was 11.9W. For the five hour period on October 26 the average power was 9.9W.
Fig. 18 is a photograph of the wave energy buoy at 1007 on October 26",
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Fig. 17. 1 minute running average power calculations for the time periods of 1000-1100 on
October 26, 2007. Average power for this 1 hour dataset was 11.8W. Wind speed was
measured at 3-4 kts during this time.

10-26-10:07

Fig. 18. The wave energy buoy deployed in Monterey Bay on October 26, 2007 at approximately
10 am.

Table 5 shows the total 2 Day summary of results along with calculated efficiency for the
available energy in the 2-4 second band as well as the total energy available for all wave bands.
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Table 5. 2 day Monterey Bay results summary table. Conversion efficiency is calculated for two
scenarios, one from 2-4 seconds only, and another for all measured wave energy.

NDBC - 46092 24second watts/im All Periods
Energy  AvailableWave walts kts Beaufort Conversion All Periods  Conversion

Date Time  Duration bandwidth Energy Measured Power y&ﬂe Hfidency Tota Energy Hfficdency
250¢ 300PM2min 17-4sec 573 151 264% 25.%1 0.058%

5
26-0ct 1000AM 1Hr 24 sec 198 18 2 59%% 30,628 0.03%
26-0ct 11:00AM1Hr 24 sec 207 135 1 528% 37,14 0.031%
26-0ct 1200PM1Hr 24 sec 1% 10.065 1 6.49% 35,189 0.029%
260t 1:00PM1Hr 24 sec 2< ] 85 1 9.14% 39,136 0.02%
260ct 200PM1hr 24 sec ™ 6.95 1 880% 38,936 0.018%

Monterey Test Conclusions:

» Mechanical design performed well — No mechanical damping issues

* No mechanical degradation of device after 2 days of in water use. Post deployment
generator “pluck test” identical to pre-deployment measurement
Current design unable to generate 20W average power in Beaufort sea state 1
Potential for about 20W in sea state 4 was evidenced in brief data collected on October
25th
Average power of 10W for 5 hours achieved in Beaufort sea state 1
Device efficiency calculated from available wave energy in 1.7-4 second band varied
from 2.6-9.1%.

Device efficiency calculated from all available wave energy (all frequencies) varied from
0.02-0.06%.

6.4 Oceanside Field Test November 16, 2007

The original design of the 20W device to be tested at Monterey Bay had two magnet cars joined
by a semi-rigid link. Each magnet car had 40 generator units arranged in a 2 x 4 x 5 linear array.
A single unit consisted of a pair of disk magnets separated by a 0.45” wide air gap in which a
row of induction coils embedded in a polycarbonate blade moved through reciprocally during the
oscillatory movement of the magnet car. The spacing of the coils matched to the magnet pairs
such that the voltage output were in phase and combined to a single load. The total mass of the
two magnet cars was 32 kg. They were suspended from 36 extensions springs with a combined
spring constant of 508 Newton/meter to give the system a resonance period of 1.58 sec.
However, after the first assembly, a slight mechanical misalignment between the magnet cars
hindered the movement. The problem was rectified just prior to Monterey Bay test by removing
the trailing magnet car and replacing it with equal mass ballast plates attached to the first magnet
car.

After Monterey Bay test, we reattached the second magnet car and improved the linkage
mechanism to ensure smooth oscillation without any hindrance. The device was tested for six
hours in Oceanside Harbor just south of the pier on November 16, 2007 in a 11M RHIB with
supporting personnel provided by SPAWAR. The buoy was deployed with a soft tether mooring
in about 10M water depth shown in Fig. 19. An anchor was deployed along with several surface
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floats. The buoy was then tied off to the surface floats. This mooring technique proved very
successful and appeared to have little impact on power generation.

Fig. 19. Energy harvesting buoy with surface floats during Oceanside test. The background is the
Oceanside Pier.

Conditions for the Oceanside test were far from optimal, small (< 1M), long period (13.5
seconds) waves, and little or no wind for the majority of the day. Fig. 20 below shows the power
output averaged over one minute interval at the beginning and the end of the test. There was
very little variation throughout the test with power output in a range between 8-10W.
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Fig. 20. Power output during the beginning and the end of the test.
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Fig. 21 shows the hourly wave spectra for the day. Local winds increased slightly during the day
from less than 1 kts to 2.4 kts in the afternoon. Detailed results from the testing are depicted in
Table 6 below. On average the wave energy harvester generated slightly more the 9 watts of
power, with conversion efficiency in the 2-4 second wave band of 13%. Average conversion
efficiency with a single magnet car (Monterey test) was 7%.

Wave Spectra
Time (GMT)

——1720 |
—m— 1750

1820
—%— 1850
—w— 1920
—8—1950
——2020
——2050
———2120

2223
2251 |

MA2Hz

Hz

Fig. 21. Hourly wave spectra at Oceanside during Nov. 16 test

Table 6. Oceanside Test Results — November 16, 2007

Summary from CDIP Buoy #045 Wave Data = NDBC Reference - 46224 - Water Depth 223M

November 16, 2007 - Oceanside, CA kts Wave Height and Period
Time watts/m watts/m Measured Total 2-4 sec Wind  Beaufort M Seconds
Date  Local (PST) Total Power 2-4 sec Power  Power Efficiency  Efficiency Speed  Scale  Hsig Ip

16-Nov 9:50 AM 2529 83.2 8.53 0.337% 10.25% 13 1 0.7 13:3
16-Nov 10:20 AM 2645 829 9.05 0.342% 10.92% 1.3 1 0.72 143
16-Nov 10:50 AM 2571 60.9 8.91 0.347% 14.63% 1.3 1 0.75 133
16-Nov 11:20 AM 2486 69.6 8.88 0.357% 12.76% 1 0.73 13:3
16-Nov 11:50 AM 2748 675 8.95 0.326% 13.25% 1 0.75 14.3
16-Nov 12:20 AM 2557 59.0 9.01 0.352% 15.27% 1.8 1 0.77 13:3
16-Nov 12:50 AM 3079 574 9.03 0.293% 15.74% 1 0.76 14.3
16-Nov 1:20 PM 2410 61.5 9.2 0.382% 14.95% 217 1 0.81 13.3
16-Nov 1:50 PM 2646 76.6 9.22 0.348% 12.04% 1 0.73 13.3
16-Nov 2:23 PM 2858 714 9.68 0.339% 13.61% 45 2 0.77 11.8
16-Nov 2:51 PM 2882 804 9.68 0.336% 12.04% 24 1 0.79 14.3
Average 2674 70.0 9.10 0.34% 13.2% 0.75 13.53

The main attribute of the two-fold difference in efficiency is the addition of the second magnet
car. An EM “pluck” test was conducted prior to deployment to select the optimum resistive load.
In the pluck experiment, the magnet car assembly was extended 8 inches from its equilibrium
position and released. The output voltage across a 50 Ohm load was recorded and the amount of
captured energy was calculated at one second intervals after the initial release. Results are shown
in Fig. 22. It is clear that the two-magnet car device had a much stronger EM coupling.
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Consequently, the energy capturing process was faster and more efficient. During the first
second, the generator with two magnet cars captured more than 70% of the total energy while the
generator with one magnet car only captured less than 50% of the total energy. For the devices
under test, the Fast Fourier Transform (FFT) analysis of the output voltage waveform showed a
broad peak at 1.6 seconds. In order to maximize the power generation, most of the available
energy must be captured in duration shorter that 1.6 seconds before the onset of next oscillation.
Therefore, it is essential to have the second magnet cars in a generator to ensure strong EM
coupling.

1 One car
B Two car

1

2 l l [ m ~ ——

2 3 4 5

Time interval (s)

Fig. 22. Pluck experiment results of linear generator with one and two magnet cars.

Buoy movement analysis (comparison)

A 3-axis accelerometer and micro-gyro were installed inside the buoy at the level of the float
collar. Data stream was recorded at 10 Hz rate. Raw data were analyzed by Fast Fourier
Transform (FFT) averaged over a 30 minutes period for heave, pitch, roll movements and the
power output from the coils. These results provide an understanding of wave/buoy interaction
and buoy/generator interaction that will validate the hydrodynamic model and offer insight for
device design improvement.

Fig. 23 compares the spectral density of the heave movement of the device tested at Monterey
Bay and Oceanside. Both cases show two peaks near 1.0 Hz and 0.5 Hz, in agreement with the
prediction by the hydrodynamic model. Since the linear generator was tuned to 1.58 sec. or 0.63
Hz, its spring mass system acted as a low pass mechanical filter when it was subjected to random
wave forcing. We used a classical mechanical model to calculate the response curve assuming a
50 Ohm load and a constant forcing amplitude of 0.1 meter. The response curve is superimposed
on the FFT spectrum for comparison. It has an onset threshold at 0.43 Hz or 2.3 seconds and
increases slowly with the wave frequency. The result indicates that the generator harvested
directly most of its energy from the high frequency peak. The low frequency heave movement
could only contribute to the energy harvested indirectly via more complex hydrodynamic
interactions.
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Fig. 23. Buoy heave spectra during Oceanside and Monterey tests. The red curve is the calculated
response curve of the generator.

Another interesting buoy movement is its pitch and roll (P/R). Accurate P/R movements were
deduced from the onboard accelerometer mounted in the sway and surge directions by FFT. Fig.
24 shows the results for the scale model sea test on June 11. Fig. 25 shows the results and the 20
W model during the MB and OS tests.
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Fig. 24. Surge and sway acceleration of the scale model during June 11 sea test.
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Fig. 25. Surge and sway acceleration FFT of the 20W buoy in Oceanside and Monterey Bay tests.

These results show several interesting features:

1. The scale model is azimuthally symmetric with cylindrical magnet stack oscillating
inside induction coils. Therefore, the pitch and roll spectra were identical. However, for
the 20W device tested at MB and OS, the linear generator does not have a cylindrical
symmetry, therefore, the surge and sway movements differed slightly. Results showed
that the surge movement (defined as the movement in the direction perpendicular to the
magnet field of the generator) to have a higher peak value. The difference is an indication
that the generator movement and the buoy movement were closely coupled.

2. The P/R FFT spectrum of the 20W device had a well defined peak at 0.41 Hz. or 2.41 sec
period in both MB and OS tests. Under a very calm sea state 1 condition at OS, the full
width at half maximum (FWHM) was only 0.1 Hz. During the MB tests, the peak was
broadened random waves in much higher sea states.

3. The acceleration in the sway and surge directions during P/R motion were about 5
meter/sec’, more than double heave acceleration. Therefore, these well defined P/R
movements have the potential to be a reliable and predictable source of motion energy for
wave energy harvesting.
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7.0 Technology Transition Opportunities and Applications

7.1 SPAWAR

SPAWAR'’s Deployable Surveillance Group at SSC working with PMS 485 has a need for a self-
powered radio transmit buoy. This buoy will take acoustic sensor data from the seafloor, process
the data and transmit the data to a receiving craft. This buoy may be operating autonomously in
contested waters. It must have low visibility attributes and high anti-tamper attributes. The
present power requirement for this Buoy is 100 watts processing and 50 watts of radio transmit
power. The anticipated future power requirements are 50 watts total. In addition, this buoy must
be tethered to the sea floor with strength and data cable, provide continuous radio transmission,
have an above sea level height of 1-2 meters and an above sea level diameter of less than 8
inches. The Power system must be quiet enough not to be heard by a human ear at 50 feet, the
buoy/generator must be able to survive sea state 5 and by using energy storage devices be able to
sustain continuous power draw of 50 watts from the sea state schedule shown below. Assume a
processor and radio payload of 10 pounds dry and 2 cu Ft in volume. Assume an antenna at the
top of the buoy that is 10" high, 2" in diameter and weighs 4 pounds. The production cost of this
buoy without payload should not exceed $400K each. The buoy must be able to provide
continuous power through sequential operation with the following sea states, starting and ending
in a fully charged state.

Sea State 0 - 16 hours
Sea State 1 - 8 hours
Sea State 2 - 24 hours
Sea State 1 - 8 hours
Sea State 0 - 16 hours
Sea State 3 - 6 days

7.2 Teledyne Benthos

Teledyne is internally funding a project to build a prototype communications buoy using wave
energy. This buoy provides an RF radio link to an underwater network of sensors, which are
communicating via acoustic modems. Each sensor transmits its data acoustically to the Gateway
Buoy, which in turn relays the data via an RF link to a shore-based computer for display and
analysis. This buoy currently uses standard “D” cell batteries and has lifetime limit of 14 days.
The buoy requires 1-3 Watts of continuous power. A description of the existing buoy is shown
in Fig. 26.
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Initial Prototype Build:
Teledyne Benthos “Gateway” Buoy

Chart 31

« TS&I $75K effort in Q3-Q4 2007 to build and test prototype
— Current solution has limited life due to size-weight constraints
— Market opportunity exists with Navy for AUV, UUV applications

+ = Gateway buoy
— Energy harvester
TDY Benthos Gateway Buoy TS&l Generator
el Rt v s T Power and size
Lifetime | 1-2 weeks Indefinitely renewable b e

Power | Trickle charge requirement: 1 W | Predicted performance: 2-6 W

Size 23 kg, 0.5m dia. Float 20 kg (10 kg Generator), 0.4m dia. Float,
0.15 m dia. stem 0.12m dia. stem (generator)

q’ TELEDYNE
SCIENTIFIC & IMAGING, LLC

Navy: “Underwater GPS”

Fig. 26. Teledyne Benthos Gateway with wave energy harvester integration.

7.3 Teledyne Geophysical

Teledyne Geophysical is the leading manufacturer of hydrophone streamer arrays used in
offshore oil and gas exploration. These hydrophone arrays require precise position information
in order to process the sound returns during seismic exploration and determine where oil and
natural gas reserves are located. As offshore exploration continues in deeper water the position
accuracy of each array during a survey is becoming more critical. Customers are requesting a
self-powered tail buoy which would have electronics to accurately measure position and motion
of the streamer array cable. The buoy would be towed behind the survey vessel on the end of
each array at a speed of 10-12 kts. Total power requirements is 50 Watts.

Fig. 27. Teledyne Geophysical tail buoy.
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8.0 Conclusions and Recommendations

Program conclusions:

l.

The wave energy harvesting technology developed by TSC during this program has
proven the ability to create small, self-powered instrumentation buoys requiring from 1-
20W of power.

The program has created a set of design “rules and tools” by which to guide further
development and commercialization.

The program has created a numerical modeling capability to predict design performance
for a given set of environmental conditions.

The ferrofluid liquid bearing is an enabling technology in the linear generator design,
allowing the mass-spring generator to perform efficiently at tilt angles of up to 20 degrees
which are often encountered in wave and wind environments.

Recommendations for further development:

1.

A weak link of this system is the current state of spring technology. The characteristics,
reliability and lifetime of the springs in the current design make scaling up the power to
above S0W very difficult. Additional spring research should be conducted to explore
using air, magnetic and compression springs.

A power conversion electronic sub-system should be developed. COTS charging
electronics do not have the necessary bandwidth to handle the highly variable power
signal generated by the wave energy generator efficiently. Customer electronics for this
purpose must be designed.

Long term testing under various sea states to test device ruggedness and further validate
the performance model should be conducted.

Ocean Wave Energy Harvesting Phase 3 Final Report January 2008 Page 32




9.0 Appendix 1 — DARPA Program Completion Report

Program Title
Ocean Wave Energy Harvesting — DARPA Contract No. HR0011-06-C-0030

9.1 Executive Summary

The objective of this program was to demonstrate two wave energy harvesting buoys based on
the Teledyne high-efficiency linear generator design. The large unit was approximately the same
size as the Mark 46 Torpedo, and was designed to generate 20 Watts in a broad range of Sea
States (1-5). The small unit had size and weight amenable to manual deployment from a boat by
two persons to generate 3 Watts in calm water (Sea State 1). Buoy design and development was
performed in parallel with the development of a hydrodynamic/classical mechanical model to
simulate the device operation in a given ocean wave spectrum. This modeling predicted device
performance and also gave guidance critical to buoy design. Wave tank and sea test data,
consisting of power output as well as the six degrees of freedom (DOF) of the buoy movement
were used to cross check and refine the model. The purpose of the model was to serve as “rules
and tools” for the design of wave energy harvesting buoys in increasing generality, to enable
future efforts.

The program was scheduled around major sea and wave tank tests. The key milestones were the
20W unit sea test at Monterey Bay in late October and a wave tank test at the Texas A&M
University’s Offshore Technology Research Center (OTRC) in mid-September. The tests were
preceded by work on the scale model and 3W units, including wave tank tests at Scripps Institute
of Oceanography and field tests just offshore at San Diego. During the program, a total of three
wave tank tests and six sea tests were conducted. Results were simulated and validated by the
hydrodynamic model.

Key accomplishments include the development of modeling capabilities to optimize
electromagnetic design by a classical mechanical model and predict device performance by a
hydrodynamic model. The device designed for 3 Watts actually generated 1.88 W in a sea test,
with the shortfall attributed to a mechanical flaw that reduced the device dynamic sensitivity.
That finding and the need to scale up steered us to use a transversal linear generator in the 20W
unit because of its more desirable mass distribution. After discovering and resolving several
mechanical design issues a sound device designed for 20 Watts was produced and tested in
Monterey and Oceanside, CA. This device generated 10W average power in Beaufort Sea State 1
while deployed with a surface mooring, and showed potential for up to 20W in Sea State 4. In all
cases, the device showed no sign of mechanical degradation.

The program has shown the feasibility and effectiveness of a completely sealed, corrosion
resistant wave energy harvesting device.
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9.2 Program Objective and Technical Need

Problem/requirement addressed

The goal for the Wave Energy Harvesting Program was to develop renewable energy sources for
buoy-based ocean surveillance applications. These applications include: autonomous target
recognition and classification algorithms for asymmetric littoral threats; persistent and ubiquitous
sensor systems; tracking and identification of maritime vessels; mobile, distributed, autonomous
systems for undersea environments; unmanned underwater gliding surveillance vehicles; and
miniature, low power underwater sensor networks. These devices will eliminate the need for
batteries, thus enabling more functionality, higher data rate and a longer operational lifetime.

The specific objectives for Phase 3 of the program are:

1. Demonstrate autonomous self-powered buoy capable of generating 20 Watts output in
arbitrary conditions encompassing a broad range of sea states (Sea States 1-5). Size and
weight not to significantly exceed profile of Mark 46 Torpedo (L ~ 2.6 m; D ~ 324 mm;
Wt ~ 235 kg).

2. Demonstrate autonomous self-powered buoy capable of generating 3 Watts in calm
waters (Sea State 1), with size and weight amenable to manual deployment from a boat
by two persons.

3. Demonstrate “rules and tools” for design of self-powered buoys, based on simulations
encompassing all significant parameters for ocean behavior and device physics, verified
by comprehensive wave tank and ocean testing.

State of the art at time of program inception

Most Ocean Wave Energy Conversion (OWEC) devices in current operation are designed to
produce power in the kilowatt to megawatt range. These state-of-the-art devices are large in size
and use elaborate mechanisms to convert random wave motion into a useful form of energy. Due
to their mechanical complexity, it is difficult to reduce the size to be integrated to small buoy-
based marine surveillance systems without significant performance sacrifice.

A significant amount of the state-of-the-art developments in smaller scale energy harvesting
arose from Phase 1 and Phase 2 of the current DARPA effort (thus serving as the basis for our
Phase 3 development). These accomplishments include:

1. Demonstrated the performance of a mass-spring system linear generator.

2. Developed a classical mechanical model to accurately predict the device performance
under monochromatic, sinusoidal forcing. The model can be used to determine the
magnet stack mass and spring constant in device design and the “best” load for power
extraction.

3. Obtained limited test data in monochromatic waves but no data in random waves.

Specific technological problem addressed
In this Phase 3 program, we addressed the following specific problems:

1. Development of modeling and simulation tools to predict performance and guide
development for specific generator and buoy designs in given sea conditions. The model
also helps select best electrical load required to optimize energy generation.

Effective power generation in a large variety of wave conditions.

o
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3. Quantitative determination of the effect of a novel bearing on buoy performance when
buoy pitch and roll are present (Demonstrated in controlled wave tank test).

4. Increased power generation of the linear generator by increasing the magnet stack mass

ten-fold. (e.g., 1 kg for the scale model and 33 kg for the 20W model). Technical issues

included the high packing density of the linear generator and spring selection and design.

Understanding the effect of a mooring on buoy/generator performance.

6. Ruggedization and survivability of the buoy/generator for sea testing.

W

9.3 Program Description and Milestones

The following chart shows the progress and milestones.
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Program structure and plan
The program had two major development efforts, carried out in parallel.
1. Device development: design, fabrication, bench/wave tank/sea testing, data analysis, and
reliability.
e Scale model (<1 W)
e 3W device
e 20W device
2. Numerical model development
e Design guidelines
e Predict performance
e Hindcast
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In addition, the program included technology transition efforts which were carried out with the
Navy throughout the program.

Major technical problems and approaches made during the life of the program
1. Mechanical complication with both the 3W and 20W buoy led to additional costs and
program design delays

e Change from an axial design (3W device) to transversal design (20W device)
for scaling up to larger units with higher power production

e Change from polar array coil plates (20W device used in ORTC tank test) to
2D-array coil plates (20W device for sea tests) for higher mechanical rigidity
and better alignment

e One magnet car (20W device for Monterey Bay test) for better alignment.

e Second magnet car was later placed back but with improved alignment (for
20W Oceanside test)

2. Due to device size limit, all linear generators were tuned to high frequency waves with
wave period between 1.5-1.8 sec. Wave measurements in the high frequency band have
proven not reliable for accurate model analysis therefore extrapolation of wave data to
high frequency has been required.

3. Due to the mechanical design issues noted above we were unable to consider additional
techniques for broadening the response of the wave energy harvester, such as adaptive
loads and multiple generators. Instead we focused on high frequency wave energy,
which is expected to be present most often in coastal environments, and on use of a
hybrid buoy design.

Reason for program completion

The Phase 3 program established “proof of concept” for small, relatively low power, renewable
energy systems using waves, and development of the modeling and manufacturing and design
techniques required to successfully build these systems. These encompassed the key overall
goals of the Phase 3 program.

Further work is required in the cost and manufacturability of the systems and the power system
electronics. It is anticipated that this further development will be funded through other DOD
entities with specific end uses, and through Teledyne internal development efforts targeted at
defense and commercial markets.

9.4 Scientific and Technical Results and Accomplishments

Results of the effort in relation to program objectives
1. A device designed to generate 20 Watts was designed, fabricated, and sea tested.
Results from two sea tests (Objective 1):
e Monterey Bay, CA (Oct. 25, 2007) — Up to 20W in Beaufort Sea State 4 (3
minutes of data)
e Monterey Bay, CA (Oct. 26, 2007) — Average 10W in Beaufort Sea State 1 (6
hours of data)
e Oceanside, CA (Nov. 16, 2007) — Average 8-10W in Beaufort Sea State 1 or less
2. A device designed to generate 3 Watts was designed, fabricated, and sea tested.
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Results from one sea test (Objective 2):

e LaJolla, CA near Scripps pier (July 20, 2007) — Average 1.88W in Beaufort Sea

State 2-3, 0.2-0.5 in Beaufort Sea State 0-1

3. Extensive simulation development to model device performance based on input wave
spectrum and device specifications enabled optimized design in parallel with device

fabrication (Objective 3).

Technical aspects of the effort that were successful and aspects of the effort that did

not materialize as originally envisioned
1. Successful efforts
e Device development

* Device designed for 3 Watts — 1.9 Watts measured output in first sea test

= Device designed for 20 Watts —

o ORTC wave tank test (partial success with useful buoy movement

data for modeling validation)
o Monterey Bay sea test free drift
o Oceanside sea test with surface mooring.
e Enhanced performance model development

2. Did not materialize as originally envisioned

e Broadband performance either by multiple generator integration or frequency
tuning was originally envisioned. However, the mechanical design difficulties
encountered throughout the program did not allow consideration of load tuning or
multiple generators as methods to broaden the response of the systems and
increase the efficacy in a wider range of sea conditions. On the positive side, our
“hybrid” buoy design and wind wave energy target has shown promise for small

buoy power systems with 5-20W requirements.

Comprehensive list of performers
Jeffrey Cheung — Senior Scientist
Teledyne Scientific

Thousand Oaks, CA
jcheung@teledyne.com

Earl Childress — Program Manager
Teledyne Instruments

Poway, CA
echildress@teledyne.com

Ron George — Buoy Designer
Oceanscience Group
Oceanside, CA
rgeorge@oceanscience.com

Warren Bartel — Hydro-dynamic Modeler

Naval Facilities Engineering Command (NAVFAC)
warren.bartel@navy.mil
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Jeff Lloyd — Logistics and Testing
SPAWAR Systems Center, San Diego
Jeffrey.m.lloyd@navy.mil

9.5 Applications and Considerations for the Future

Conclusions of technical feasibility

We have demonstrated the performance of a wave energy harvesting buoy in sea state up to
Beaufort scale 4 with power output from 8W to nearly 20W. The device is completely sealed and
corrosion resistant in the marine environment. It did not show any degradation after more than 20
hours sea operation. The device can be scaled for high power operation and can be used as a
renewable energy source for marine instrumentation.

Recommendations on additional R&D requirements and opportunities

1. Develop 50-100W design to meet Navy requirements for self-powered radio transmit
buoy.

2. Investigate and/or develop other spring types and designs in order to control device size
as larger power levels are required and to increase the spring lifetime to 3 years or longer.

3. Perform long term testing under various sea states in order to further characterize device
performance and reliability. This testing will also improve the numerical model
performance.

4. Develop power electronics with conversion efficiency of at least 80%. The electronics
must be able to handle large power spikes of a few hundred watts seen in typical device
output.

5. Develop Aid to Navigation (AtoN) self-powered buoy system for U.S. Coast Guard, to
provide 10-20W of power continuously for 2+ years.

9.6 Program Transition

e Spin-offs internal to DoD outside of major transition
o Potential opportunity for SPAWAR Systems Center, San Diego. During Q1 2008
a proposal will be developed to address need for self-powered, radio transmit
buoys. The total power requirement is SOW.

e Spin-offs to commercial development

o Teledyne Benthos is developing a low power surface “Gateway” communications
buoy for use in underwater acoustic to satellite and/or RF communications link. It
is expected that this buoy will be designed and tested during 2008 and sold
commercially in 2009. Potential end-users include the Office of Naval Research,
Coast Guard, NOAA’s National Data Buoy Center, and offshore oil and gas
companies.

o Teledyne has a number of other business units including Teledyne RDI and
Teledyne Geophysical that are actively engaged in ocean instrumentation, and
may provide additional commercial outlets for the technology.

o We continue discussions with a range of outside companies and government
customers to develop an initial application with sufficient “user pull” to progress
the technology into the DOD user space.

Ocean Wave Energy Harvesting Phase 3 Final Report January 2008 Page 38




8007 duvnupp jaoday [puis] € 2spYq
6§ 23pqd Butjsaaappy 342U 24D UPII()

800Z Aenuer Lz

W AU |eEeq ualiem
G1Z1-286 (S08)
€¥0€6 VO ‘swseusny Hod

OAY p£C 00k 1
uoisialig Buusauibug ueas)

Jsyua)n aoineg Buussulbug DY4AYN
|apeg usuepp

Xa|}ed10 ul |9poIN
Aong nepn 0c 1o uoneledald

ONIYMIINIONI

UC@EC._OU Uc_..wwc_ccm Saf}|IoB [eAeN] .—

[eLI0)N) [Ppouw [edrwNN — 7 Xipuaddy (01




Xipuaddy .

S1S9 | 9ABA\ Wopuey
S1S© | poliad |elnjeN
Xa|jeoaiQ ul sjpubey yum Aong pjing

saiuadold |eaisAyd 1aubelp
pue Aong uo Bullayles) uoljew.ouj

BUINO



vuﬁnmm 9¢

W9'0 = Jojaweiq Jejj09
W 8’} = yibua [ejo)
peoj 2Al}sisal wyo (g
sby ¢} = Aong |ejoy
$109 09

}se|feq ynm by og
siied Joubew gf

W/N ¥0S = sbuudg 9¢

pa)sa| se Aong A\OZ |eul



UALSTIAYVYH sy

ADYANT = — e s el
ANAQITL MOT o
AlQuisssy 0D Ajguisssy Aong

—£199 o —

§310id _

150j10g
_——SpoD
\\l\

7 o) jpuBop|———m——

™
R
ajo|d Buunogy \
Bunds Wolog —

—0EFS

sayou| ul ale
suolsuawi(

| d07) 1suBop

- €96l ., 9072
..‘.\\ : /,,/.
o 2507 " — - 575
iv\\ 32IUCH D23 “
|| o0
_ | UDILICLIOH |\\-
,, - 1E7
J 3 O —
_ - 2 — 0
.
_.
L — =10ig Buitunopy o
Buuds doj [ 00ve —*

suoisuawig Aong AOZ



JSejleg/ssliejjed
a|qeabieyosy —

)oe)g j1aubepy (Buidweq
/ 10D oneubewojos|]
s|l0D S 104) 180I0SqY 300US
sbuudg ——
._m__oo HNO_H_ \ .. , /
\\\\ aqn] Jedg
SOIU0J}03|]

sjieyag Aong ANOC




(wo 99) ul 9z = sbuudg payojaulg 1oy Jajua) yoels Jaubepy —
(W/N £0S=M) (WAl €5¥€ =M ) sdI16¥9'9Z = V3 :sbuuds —
(6% 99°2¢) sal z. ybiop |ejol —

S]JoS OM] —

sien jaubely

(WGG'L )Y LG yeua —
Zvw-Bx g° 1z pue gyw-b) LZ ‘A pue X —
Zvi¥-al 2| :Z pue gy4-d| 0ES ‘A pue X :eiau] —
(WO G9) |99 WOy Ul Z°/Z :SSEe\ Jo Jajua) —
(6% £'G8) sq| 881 :(sJed joubew ou) ise|jeg Yum ybiapy —
Jade] yum jjey (wo G og) Ul gl X apim (Wo L9) Ul g 1iejjoy —
(wo 9g'gg) Ul ‘elgagnl —
(weg'L)u9 bieH —
Aong .

Aong MOZ Je) Jaubey jenq J10j saluadold jedlueyossiy



)SIp yoea 1o} sealy pejoslold ayeinojed o} |89x3 SN 9sN

Xa[Je210 Ul SYSIp Payoe]s Jo uondas e ojul Aong ay) dn yeaiq 0} moy apldeQ
SYJOM PI|OS WOJJ BILIBU| JO SJUBWOI ‘SSEe Jo Jajua) Aong

sanje) Yibua pue ssauys buuds jaubepy

sanje) ssel\ 1oubej pue ssej\ Aong

IINH @Y} Jo} suoisuawi Aong

saluadold buudg pue sjybiapp
pue suoisuawiq |eaisAyd 1oubel pue Aong Jsyies




cry'0 ¥ 0 ClL'E G40 | Z99191F ol
£¢00 68¥ 0 800 699820 1258400 6
v2C0 9.0 800 6115860 1258200 8
vEED 9601 600 Brsi8l’l 1298200 Z
G6E D L6¥ L L0 96426 | 1498400 9
GS¥ 0 L£y6'l ¢l o SOvyZSL | 1498200 4
9150 E9rc v 0 €EBDLLL | 1498400 1
6290 CrLE 910 c 1258200 E
004¢ crlE 98'L [ 291660 0
v 0 crv 0 20 G40 | Z9165E0 I

{7y} zy xaged1g (W Zeary (7Y X eany y) e1q  (yhaybrey -oN ¥siq

auOop a( pP|N0o suolje|nd|ed
puey ‘siapullko ajdwis a.e Jejjod pue Aonq ayy j| “Je|j0d pasade) e se yons sadeys ppo 1o} Ajulew ‘|20x3
SN Ul uop S siy]  4ejjoo yum Aonq Jeds ay} Juasaidal o} sispullho ayj Jo s8zis ay} aje[ndjed-ald 0} pasu S\

Joayspealds |99x3 SIA
WoJ} Sealy pue sialawelq ‘sjybieH JapuljlAp Aong




100 | Buigpoy |einyonis
ueao( Xa|jeal youne



S0 jpoue’ Tﬁoz

(sad43 Aq) [9pow ua.LnD)|
= wiensay uudg semoT - zadeys @
— nejegeL s wiegsey buudg seddn) - |adeys @
000 0052 000 L 010000 06 sedeys 5 =
ebuey] PiS | 10u3 PiS | Dudweq | soueieio] | suoneia)| youbew jo soryd 1of pur] N
10 B JO Bep Ul xep Buidwep uoyow ssew [euseiul 1o) fu*—“.,_-ﬂ, i
siepweled aouabieauo] sanels i ,@ =
| 000 000 Mhsic =45
(Bapj uondang | [syy) paeds ledg apisu| Buisoy ssepy - fong Q9
AHoojeR Bue|S fiong ledg uey - fong Q9
; | sdong g9 5 =
[= awog| aur] aseajay 1eysafiog fong (7|
Buudg seddn [
. aneys u Ul Wopaal Jo $33163p don . i
sisleuty 9235 Ul papnjoul wopaayj § E] iy |
adf | yuorxa)y (§)
au fong ejeseda L
Pk Bt sadd | Juor ka4 £ =
SONe)S WAJSAS BJoyM, |, ) 6ung (¥
POUYIS I SRS F.ua. arc [§
| Bueiq | sdeig auw| 3 uonesbaw] | someudT | soueis fiod 8/¢ &
fiod 87¢
SO¥LLCE [« J. ¢ [a 1l [~ q [« y [ sesn od g/¢ F
2 sn)6 | ampsedwal | awi | =204 [ ssew | wouaT | wajsdg Bundg 1amo audpae | [F
] Buudg jaddp audpae | [F
isafod | [F
_” saddf | sun = =
seun K52
e aqeves [} H
ereQspeigo Iy F
wawuommul [F
_q fiong 152 ] AasRUO sl
e wopa w93 e
eje( [R43UY) JIp3 IxTe e g 13smoug Ppoly 1l

Sjlun Jesn 10918S ‘ge] |eJauag) JosMmoug [8pO\ youneT

yideQ 481\ pPUB SHUN



pue

yidaQ Jo1eAN 19S | ‘
‘pogess 109|8S ‘ge] JusWuolIAUg 19SMOIg |9POJ O} Yoeg 09

yide( Jajep\ pue spun

uiensay buuds 1emo] - Zadeys
wiensay buudg soddn - adeys @ |
sadeys = =

yubew o spnid o) prp (BN |
Buidwep uonow ssew [euidiul Joj yurp N ,
EL=2= |

1edg apisu) Buoy ssey - fong a3 €)-- ._;
fiong sledg wey - fong 09 |
sfong a3 = = |
aurj aseaay ;psafpg dong (|
Emgﬁ_ _W ..... A
eeq seays [F —
Ledd | yaorxaly [{F m
sadd | _5_..3 @ = |
o /€ ﬂ I

iiod a6 @&

fdod gre @ :
Buuds lemo audpape | (F
Buudg 1edd () udpafe | ﬂ
sedfjoun E5 2
seun] 5 £
@ieq agenes )=

eeq spelqp Iy l

125M0.g |9PO __rr.



S y eans ues ] vy 00€ 000 00081
1apio i (5] wibuQ awr) (s) ) (B=p)
*18)B| U0 Yoeq pauin} uoRaun) weans adf| arem ane M pouad | wbieH | uonaang
e arem
9q ||IM SBABA\ 'S]Sa} \\Fo\%}/ Ul | AR, 10) Rje (]
yon|d 8y} 1o} siy} 7

Op 0} peau am ‘80N

SWEN UIRT| BABM,

0000 \ L Jeguen

{(s) wbnQ aun | uonejnwig Sulel | AR, |

_mc_z_m_d _ puim _Hco:_....u _aoSm_m wo>m3_ sanef, Pegess _ eag

ejeq Juawuodau] JIp3

0497 0} JyBIaH 18 pue SaAB\A 109|198 ge| JuswuoliAug 0] yoeg 09

SOABN\ HO uin|




(s9d4) Aq) jepow eund)|

00000 00000 00000
uosio] | Bupueg | iy
{leono %) Buidwe g 196 | 80N w0zl |
ooLn 00100 IS noon 0000L 0
() pAsRY| () RaR|  [\uoisioaly () pus abeys e (s) jaquinN
adweg |enpy | ajdwes jebie | / awi] uonejuig | uoneng | abejg

et [ L | e08s
| B\ie1q | sders sy 5 uoneibaw] | soweudq  snIS

SOpLLZE  [- 2 A\~ @[« af« ¥ [« mesn

@56 | omewdws) [ ewr] | 8di0j [ sse [ wobuey | wasdg
s

=

fiong 153 | dasuop
Sjuawlio]

ejeq [e43uan 1Ip3

‘auo|e Yo S siy} ‘esimusy}0 ‘Alquesse
yoe)s jaubew Jo pouad |einjeu padwepun BulAjusA
Jo sasodind 1oy Ajuo oiez o} buidwe(q aulT 188

weysay bunds jemon - zadeys ¢
juensey Bundg jeddpn - |edeys ‘
sadeys 5 £
youbeu o yonid 10f |yur] N
Buidwep UoIoul SSeW [PUIBUI 10§ 3ul -.1
sy K5 =
Lyoum, \F
sayou K= £
Iedg apisu| Buiaojy sse - dong 09
fiong redg uep - fong a9
sfong a3 = =
sur asesjay Jasadiod dong ([
buudg seddn) (|
eeq seays [F
|odd | wiorxal3 (§
sadf | uopxa|4 ) =
abung (3
tod /¢ &
14od 8/¢ (F
fod 8¢ &
od,g¢ &
Buudsg semo audpaie | ([F
Buudg seddp) sudpeie) [
sadiod L 3
sadf | aun [ =
saun 5 &
ereqajgeres M)+
eeg spaiqo v 3
JUSLILIONAU ] ﬂ

BEE

-® 4

MOPUTR, Mo IPT  Asiqi]
1asmoag |2poi 1M

ge | sbumjag |esauas) 09

Buidwe(q |elds8le|\ aul 4O uinj




_x sapadod agbybeu fofig sng

B::_ _ BSQ
() siopauer

F_o i
pap) 0007 0000 0000
[P () W 0]
SNPOp NG z & X
SNpOR N8 uoIsog QU] I 015

| Buweiq popeds | Slweiq | sSuR | speoTpayddy | Cudwe pue ssew POpPY | 85_ fnewoed

0000 0000 0000 00021 0000ES  OODCES | 0088L 0000 0000 208 0000 0000
[t E ST Baef SRR ] @ | Bep) — (69p] Jﬂu_ z__ _ (0] _ (0]
() sse W o BnuS] (2479 2weu| o sweuoj sse ssey guogeroy | zuonepy | | uonewy
®neu] aprry pue ..onm fenm|

E__zd £ L7
:320@)F Ul pepryou wopeey jo seeibe( UOPIUUT)
_| §m.cn_m_ fong iedg ey - fong (3 =0 | B 1
RS . @ e | | #r XL »I K &4 B000® ¢ | B-®0
. doH MOpUM 5001 SINSSY YdRD MK UORRFORD IOPOW W3 o
Aong seds uieyy - Aong 9 :e3eq Aong a9 1P = ~ [gpu sy UTSIYOEDT 92120\ Buiies] \Xapedn SuApajal’] - [SIMUPUAQ ‘SRS SINPOLU PIAGRUT] 306 X3| 48240

adA| Aong iedg 109|899 uoo| Aong 409 109|8S

Aong ulepy dnyas




“sanadoid aigiByGau fofig aag

0000 0620
0000 6820
0000 G860
0000 8Ll . aJaH 0}
0000 8.1 4
0000 yiSL g [80X3 WO}
0000 1KLL f a1seAnn
0000 0002 3 1SedAND
0000 0002
0000 0820
13uu| _ »ing
(1)) sierpwerq
[ o Seesn
Ay T 0000 0000

[FARIZET] ) W
snnpo Jng 3 %

SnIpOR ng uonisog auag 2sed YoRIS

| Bumeiq papelis | Gtmeiq | sEui | speopeyddy | Budweq pue sse pappy | B0 _ Anewosf

0000 0000 0000 00071 0000ES  000OES  00B8L 0000 0000 0000 z08Y 0000 0000
2y v | S RATER U z i T e (@) (bap) (Bsp) (6=p) ) ) {7
(1)) sse y0 anua] (z. 9l ensau| jo susUIO ssejy ssepy guoneoy | zuopeloy | | uopeloy z A X

ensu| ‘apmiy pue uohisod eiu|

F__z [£ =i

501} W papnjoul wopaay jo saaiba( uoRBUUG )

— N T

_nnm_
{2 ¥) eary joeu0] [E10T #ddT

fong 1eds wey - dong ]9

Aong 1eds uiey - Aong (9 :ejeq Aong g9 1p3

noybnouy | santadoid Aong 189S qe| A1awoar) 109|8S

(Juon) Aong ule|\ dnies




“sanadoid ajqbybau dofg aan

0000 0000 0000 00Z'L 00z L Zyro 0ZLE 3Ly 0000
0000 0000 0000 00Z L 00Z'L %00 0900 520 3210 0000
0000 0000 0000 0000 00Z'L 00Z'| 174 0800 501 526 0000
0000 0000 0000 0000 00Z 00z'L VEED 0600 5400 751 | i
0000 0000 0000 0000 002’k 00Z'| S6E0 0LLo 8LE' 1000 :
0000 0000 0000 0000 00Z'L 00Z'L S5P0 0zL0 0001 e 819H 0}
0000 0000 0000 0000 002’k 00z'L 9150 orLo 010 L 10070
0000 0000 0000 0000  00ZL  00ZL 6290 0910 |/ 00z 0000 ¢ [93X3 WOl
0000 0000 0000 0000 00Z'L 00z'L 00472 098'L 26 000°¢ 0000 c alsed/ind
0000 0000 0000 0000 00Z | 00Z (444 0420 5GE 05410 0000
ey | [ewion ey | [ewioN By | [PWON ey | jeuson g | Rwy
suaIYR0] (G.¥) sysuwopy eary sjusioyR0]) (z.¥) seary (y) sreweig
sjuawopy Geig sao104 Beiq

P

0000
WeRNR0)

WaWO W YNy

BWO YN

| Bumeigfpapelis | Glimesq | sBUAR | speoTpanddy | Gudweqpue ssep vs_um_ feig fnowosd

g.o 08.0 SQ.Q §.N_. 084omm os,omm ,8_, 8Dd 08.0 g.a Ncmﬁ. cn-ud c8._u

DM B8 P e gl e @ (o2 B = =) ) ) _.__vﬂ
W ssep £ uoheoy Z uoneioy | uonejoy Z A X

eniau] L

.z [ s
oul wopaay Jo saaibag UoHIBUUD]

[ dong=ds]
[dAT

() ssep Jo anue] (249l enau] jo syusuiop sse

Aong Jeds uiey - Aong 9 :ejeq Aong 9 11p3

|90X3 woJ) sealy bBeiq induj ge| beiq109|8S

(Juon) Aong ule\ dniyas




poey | N | ~sonedord sratabeu doig ang

0000 0000 0000 0000 0000 0000 000'L 000'L
0000 0000 0000 0000 0000 0000 0000 000'L
‘l104/yoyd pue aAesy 0000 0000 0000 0000 0000 0000 0000 000k _ _
0000 0000 0000 0000 0000 0000 0000 000'L 00| O 0
Ljog 1o} Jeyem ||is ul 38} 3onid 0000 0000 0000 0000 0000 0000 0000 000'L 0
8y} wouy asuodsal pakeossp 0000 0000 0000 0000 0000 0000 0000 000'L 1
0000 0000 0000 0000 0000 0000 0000 000'L 640 I
ay} yojew djay o} ||om se 0000 000D 0000 0000 000D 0000 000  000L GO0 0007 0
pajsnipe aie sanjeA Beiqg sy 0000 0000 0007 0000 0000 0000 0000 000'L 60 0007 0
0000 0000 0000 0000 0000 0000 000k 000k 3t 0 05410 L

pxy | RuwioN Fxy [ EwoN pxy [ ewoN Fxy | FwoN T T

painseaw se pouad |enjeu (s/Peiry (s/ulal (z.¥a) sjusIayje0]) 93104 (W) sewerq
a8y} yojew djay o} ejep }s8} Wwawoj Suidwe g yun) 8004 Budweq un | Enau| jO SJuUBWO PAPPY Sse | PapPY

yon|d jo synsai Buisn pajsnipe
ale san|eA jjnejsp ay| fong 10§ s301meW pUe SOYY

19PUID 4ORS 10) SANRA, 3)
aJay ssew ppisivs. |

pappe juspuadap Aousnbayy | Bumerq papeds | Simeiq | sOuF, | speoTpaiddy | Bucweq pue ssepypoppy 01 | newosd
BuliapISuoD jou aie ap\

Siapuyiy

0000 0000 0000  000ZL  OODDEG  OOOOES  0088L 0000 0000 0000 W 208F 0000 0000

. , 558 iy A I T e @ ) 6] Bor) W ) )

0 L=eQ “4epuljho Jo} () s5° 4 J0 9ue] (z.4q) @weu) jo sewopysse | ssew guoneroy | zuoweioy | | veneoy z A %

‘G'0=eD aJayds Jo4 ‘adeys o] ‘Spruy pue uosog e
uo spuadap ssej\ peppy E___zxd [= oy

SonejF Ul papnjoul wopaay jo saaiba g uoRIIUUGT)

~ [« fongeds| Aty eds Uey - dong a3

{z.4) eary oepuo] leroT 2ddT

—“_-Mlﬁaw A ; Aong 4eds uiely - Aong @9 :ejkq Aong g9 1p3

sanjeA nduj qe] Buidweq pue ssep\ pappy 199|8S

(juon) Aong ulel dnyas




| say |

@|O® |  ESEXAIPNIK [ @FB0ON® € B-2C

doR mopu S0l synsed gD Mo uomeR> [9poW P3 91

2oeds)yJOoMm Ul X2I|O pue uool
9 o110 0s ‘Alquasse Jedpoe)s jJpubew sy} Juasaidas 0) Aong 409 18yjoue 8jeaud O} JUemM S

yoels jeubel) aledald



Tm_o | o3 o “saniadoid ai6yGau fofig sa1g

000} 0000 00L0 L
) w) [ ®ng
yibua (i) s1oppweiq
[ JFumen
Apuyu| 0050 0000 0000

2wl ] ] (0]

SnNPop Ang z A X
snnpo Ang uoysod anua)) 8se g RIS

| Buwesq papedis | Glmesq | sBuf, | speopaiddy | Gudweq pue sse PapPY | 6e1] | dnewoad

0000 0000 0000 0¥E0 000'L 000t 0022 0000 0000 0000 0009 0000 0000
IS et S e 2 | BEEETS & 20 [CT] (Bp) (Bap) (Bap) ] ] 7]
() ssey Jo anua) (249l eneu| jo syuawop ssejy sse guoneoy | Zuoheoy | vogeiey 2 A X

enseu] ‘BpMINY pue uolysod |enu|

[« zZax| [« eal _

:soN@i¥ Ul papnjoul wopaay Jo s3a163(

][ _eums !-

{z.4) eary0Ro] RO

XTe .
DC_UNO_ _U_DC Aue aAey 0] HOC@NE 9y} juem Jou Op aM 3JUls S}08))J8 SSeWw pappe pue
@m._b 9y} JO uin] O] JUEm apA 'S]108))o >OC®3U®.C |einjeu Joj |enjoe se swes aq p|noys ssew ayj JO anjeA 9y| ’'°osusp Ing ||lews >UOD
3y} 9)ew am 0S wuowtw >OCN>ODQ aq ||IM alay] .>ODD e se Umucmwm._aw._ S| )Oe]s HQCDNE 9y} asnedag ‘uollnjos Jljels e ul ED_._D___DUO
@C_r_omm.__ 9|gna.] sAey Aew nQg pajosles aq ued 40d 11V Sawl}swos — saljels 10} ZAX 8q 0} 40Q |eniul ay) ey “Jajswelp Jaino Ssiyj
S| Jajswelp |eulsijul awes ayj} aAey 0] aAey SJauayils mawcw 9yl ‘Jsjswelp y | pue @CO_ Y | ©soYyod | '9ZIs \Cm._u_nl_m Se HOC@m_\/_ 18S

1eds apisu] bulaoly ssepy - Aong (9 :ejeq Aong Q9 1p3

(Juo9) yoeis J1oubel) aledald




(9z=uoneasz umowuﬁac_mwv M3lA g€ - ~

~ (02562 612) = vowsog| wsay ﬂ

@elO®| ([ gSEL|IMUIK | @#FEOOL® | EC A-2CT

dH ™OpURR S0l Synsay ydeS Ml UOReInde [9Pol Wp3 oK

© (payipow) [3qpu” sjybiammausayoc01 92320\Buluies ]\ xa|yedsn auApajal ] - [S:ueuAq ‘s3nels :s3|npow pajqeud] 306 X3]4e40 - -

‘lopow 8y} ul Alquiasse oejs jaubew ay) se swes ay} Jejewelp apisul ue sey Japuljfo 8y )l 98s jouued
19SN 0S JO pauin} SI 10j0d uad 8y} ‘|opoW Xaedlo dY) Ul }ing SI }l @0uQ  "Speo| dlweukpolpAy Aue o} joeal 1o
SSEW aABY JOU SS0p pue yoejs jaubew ay) 10 Julelisal ssaupils e sapinoid Ajasew abuelo ul umoys sadwing 8y

Joedwng jaube 189S




0000E 0000002
(o %) |z uru/al
Sudweq | ssaumg

Buweiq ppeys | Bumeid | ssauy Anowosd

2dAT

‘g|qissod se 1saq se paubije jaubew sy} dosy 0} Jolid pue |eu} AQ 1S SI SSauylls ay |

[« epuyiy| & fiong reds Ul - fong 09
-adeljg uoRoaUUd)
—” PYos o:wm_u_ jaiensay bundg saddp) - |adeys

alleN

jJuies}say bunids saddp - 1adeys :ejeq adeys Jp3

50 [poue] RN
0009 0600 0009 0000 0000 000C 0000 0000
\ng | ew| 1] uoneuaq | pnwizy R
() tpey U= (69p) uoyoang (3) uosod pu3
| Buwe1q papéys | BuwerT | ssaums | dnewosd
[~ epuda|  [a fiong redg ue - dong qg |
-adefjg uondRUUG]
_” pios o_.wu_w_ wiensay bunds addp - |adeis

Juies3say bunids saddq - 1adeys :ejeq adeys Jip3

‘019z 0} }os sI Buidwep ay) ‘uondo uonn|os 1o} pajoslas si poyiaw yoldwi §|  “umop pue dn sapls )i se Aonq Jeds
oy} apisul paubije joubew ay) deay 0} Jadwng juiensal buiplis youbew ay) Joj sbumes moys saxoq bojeip asay |

(Juo9) Jedwng 1aube 185




B i) en:czm\,uw_u 1042=YINWuIZe) MIIA AE - -

(k2 000 °05201) = uowsod| ~ wsey 4 |

- — S AR eFYEOO (@B € A-2C

doH MOPUFR S0l synsey Ydedd) moA uoneydRS epoW W3 o
ﬂ_ t_ - . ps ) 2qp! Sjybrammau” siypco 1 92320\ buiured 1\ X3aygedsg auipajal’:]] - [sonueuiq ‘saney; :sanpow P3jqeul] 30°6 X3|4e240 - -

90edsS)JOM Ul Y2I|9 pUB Uo9| duI }09|9S

sodA | aul] aJedald



Bunsa) yon|d 1o} aul] ases|oy —
aul| bulids jusjeAinbs uy —
aledaid 0] paau ap\ -

(Juod) sadA | aui altedald




ﬁ 50 jpoue’y “FoN

‘speiop 10) BB 0] SIeWBaS J0 1eqUINU 3L 10 US| JUSWGSS 1aUe BuKigoads q pauuIBIEp 5! uonejuswBas By |

¥ 05410 0O By 0020 [« ~ 0820 [« buudg sedd sudpae) |
swewBes | (yubue [ >pay] [ sjuewbas (y) wibu= 10pe4 (4] yibua] adé| ©°N
sanjeA aAgewng yse[D | Josequnp | uewbag jebe| uoisuedx 3 uoRIRg aun

WSL0=ubwei0L [ L | Suomds

_P_.ﬂo_o _u-:a«m _ AA _ 6eig _oucon_o?.ou sane|s InJ _oocon_owcou freusie) _».co.lcou _«.Eﬁcauo:( __ucoa.u_n__ amponiig

[« ~ =] 000 | A
0000 v 0008l [A] [sowmsund [+ deuaie] [ ; [« ~ [= 000 @ ¥
(jq) uotsua | (Bap) vogouy [ zdag | L dayg sonRyS Ul Bugsw] | Buipuaq A | Bupuag x pu3
pre sy ynwizy e | apnjoul SPOUIR I SOREIS papnjou| (Bap/yjq)) ssawg
sane)g 1$83UYNG UOHIBUUT)
F -~ 000 000 000 0001 0000 0000 [ 1edg apisu| Buinopy ssely -fong g3 3
E - 000 000 000 062G 0000 0000 [« flong ledg ure - fong (g
a6 jo yer5 [ ewwey [uoneudaq | wnwizy | (i) pagess R e T ) welqp pu3
1e aseajay (62p) uoneyuaug pu3 anoge ybieH || (1) uonisod Aty 108l9Q 0} jo9uuo)
UONIBUUT)
“s9d | uaunoRyY

Bundc; 1add
[wstan o I .
uoIsIo | apnjou] alleN

bunids 1addp) :ejeq aun 1p3

e yoe)s Jaubew ay} 0} pue Aong Jeds uiew

ay} 0} pajosuuod si buuds ay] -uopng ,sadA] aur, ay} Buisn sempedoid ay) 18s |IIm em usyL "yibua| Juswbas
pue ybua| ‘sweu e}l aAIb 0} paau am ‘alay umoys xoq Bojelp siyy uQ “aull Bulds jusjeAinba ayj siedaid ‘Jsii4

(Juod) sadA| aul aiedald




A0 [2oue] N

‘sIRI9P Joj 3B o) "SUSWBSS JO JeqUIN 9L 10 YIBUS| 1SWBSs Jaue BuIkRoads AQ PALILISIIP S UORRIUSWE3S By |

! 0000l 0 =B 0000+ [+ ~ 00001 [« epsadiod, L ||
swewBes [ [yjwibue] [ spayg | siueubag () wibua i0pe4 [4) yibua add | ON
SaNe A SARRINUND yse[g | josaqunp | juawbas jabie) uoisuedy 3 uond3g aun

300001 = Yibus) 210 | i SUORIBS

_mc_ﬂm.o _muzmmm _ AlA _ geig _oucom_agu saneis g _mocom_cmcou Areusie] _m_:m.lcou _mg...usnumz{ _vcom.u_n_ _ ampniig

[+ ~ [« 000 | 3
0000 [®s o008l [ [ sowesind [+ deuae)  [A A [« ~ [+ 000 |
(Jq)) uoisua | (B3p) uonou4 zdas _ L dais soneig ui Bunsiv | _ bupuaq & _ e .w!u.-._ulcon X pu3
Ll L e fe | eproul SPOYIRIA SIS popesny _uuv\\..tafuéz_a i &
. $002) $SaUYN G UondaUl
g o 5 % S UonoeudRy
/ & o 000 y 000 000 GBE¥L- 0000 0000 [ \ ps¥4 3 /
\ & o 000 / 000 000 8100 0000 0000 [+ N fiong ledg ule -dfong Q3 5
// abe15 jo yeis [ewwedy Juoneuppag | ynwizy | (y) pagess B i e A ~alqg R E]
Ti~esseapy 4~ (6op) uoneuaug pu3 anoge by || (i) uonisod 2aneiey 192i90 ojpeeuue) T T T T
UOHOBUUDT
“sadd | uawyoeny
UM 2se3jay Japiadog dong
[eearo ) 3 oo fong
UOISIO | 3pNfoY]
—WI R aui] aseajay 191s24jod Aong :ejeq aur 31p3

"848y UMoys solweuiq
ul 0Jo7 abe)S JO Ue)S 1B paseajal S aul| 8y ededs ul paxiy S aul| 8y} JO pud J8Yjo 8y} pue [99 Jeds sy}
0] pan I aul Syl -Aong 8y} o asuodsal A10}e||19S0 8y} ¥98y2 0} solweuAp Jepun pases|al pue Aonq Jeds ay} Jo
Juawaoe|dsip e asodwi 0} SoIje}s Ul pasn Ajuo SI Jey} aul| YdjaJis 8)eiapoul B I 8 eW [|IMm am ‘BulT] ases|ay 8y} Jo

(Juod) sadA| aulq aiedald



50 [gouey]
0200 0050 000'L 000'L 000'L 000'L = ~ -
57 _ [ewIoN [PUOISIO | _ 1eays _ Buipuag _ apsua | (z /9 J8uu| # =g
$juS1oI80]) UoNI] paqeas $10j0e § BuipeoT ss3)S ssang giqemolly (| (i) siepuei( ssang
uonoug $331jG
0000 0000 = 0000 ~ 0oL |~ - [« 0000 2100 [« o - 009'L
B | sal ] z e ) 7] ) z ] | X
budweq | ssaug | 19j8welq ey [eusoN ey [euloN uaidyja0]) [y [euloN
Buyse|) aury 1] sjusioyja0]) ssepy pappy || sieppweiqyn ¢ 6eig yn sjuatayeo] Geig
30RUa) ssejy pappy 3 Y ‘beig
[z B J» — | 0000 [« 0000 0000 [« €£3000002 [+ ~ | 0000
moe] | SIS | WM (914 3q) uoisu= | (2.,499) ssaupng oney () ssauyng 4 [ %
uad wun sad anbio | [euoisio | uossiog ey [z 4490 ssauyng Buipuag
Buimelq $assauyNg
~ [ & | ON £89°0 AU 0000 0000 0000 £80°0
TR (E (g uoisua | pawy st (4q)) Ybua (2 yna) ] _ X jauy | seng
Ipey puag wnuiuip wnwikel | uoissaidwo) winedssep | snnpojy ing (W)12s)0 92 () sisyewerg
Sy ssep 3 Aawoal
| 1eysafiod .1 |
BweN
[« _Euoaom..—_
add | aun pajo”as

P2
¥ 2
PO MaIA

‘Bulloow e Joj aul| B 8Sn am [ijun alay juepodwi jou
SI JUaIDIY800 Belp 8y ] "SSaul)S |euoisio)} JO Buipuag B asn |[IM Saul| JNO JO BUON 'SSauylls [eixe ay) s| aiay wa)l
juejoudwi ay | -aull Jo adA) yoes 1oy saipadoud aul ayy Joy xoq Bojelp dn sbunq ‘. sedA] auiT, ‘qe] uo Bual)

(Juoo) sadA| aul] aledaid

ejeq ad4) aun p3




A= SH:c:m‘\,u_u HONNH.._H:FHNQM msw; am. 3

Y (0£'SS ‘000 ‘04 €6Z7) = Uonisod U T VP3N P3RS

[ @S XL(»u K [ @FEOON® | @ A-8C

dieH Bo_n.c_B S|o0] ASynsay ydesS melp uopended RPolW  IP3 o
IGpU SIYDIPMMIU SIYOEDT 92120 Buluiel] \Xayedln 3uApajR1':]] - [saiuieuiq 'sa1jels :sanpow pajqeul] ap'e X3|4e340 -

92BdSHJOAA Ul Y21|D Usy) pUB Uod| YUl uo 39110

buidweq 4|\3 Jo} Jul] aledaid




30 [@aue’ “EaN
000°€ S\ 0000 00S€ $9A
(s} jeaury (2] () wbua ieaur)
Buidweq ssaung payoensun
Buidwe g 'ss3UPNS
0010 [ . - z B -
() 1201 noje] | @fis | WPIMm abeyg Jo e)s Je asesjay
Buimesp papeys udd aseapy
0050 0000 0000 [«  Iedgapisulbunopyssely -dongag g
00¥ € 0000 0000 [« dfong ledguep -fong Qg v
z _ ] _ K 122l90 pu3
(34) uonisod aaneRYy 192l 0] J93uu0]
‘SUONIBUUD]
_ 1aduie g/bunds _
BdiT

Blidiiep Lonou el [BLUSUE I0J HUIN

Buidwiep uoOW SSEW [BUIIUL 10J XUl :ejeq jui] 3Ip3

‘alleN

‘ssauys jou Buidwep Buisn Ajuo ase am aouls Asesyigie si yjbusg)
paydjaJisun ay | “Jeds ay) apisul sjuiod Juswyoepe bulids 0} Jejiwis ale sjuiod Juswyoepe sy ‘awes ayj sl
Aeoap ayy yoeys 1oubew ay) ¥onid em uaym jey) yons adodso||ioso sy} wodj senjeA uo paseq pajsnipe si buidwep
oy} pue ‘048z 0] 18S S| SSaUYIS 8y oe)s Jaubew ay) 0} pue Aong Jeds ulew a8y} 0} 3ul 8y} J08UUO0D O} JUBM SAA

(Juoo) buidweq 4N 40} Mui aiedaid




[ o Uy FoN
“$R19p 10 TR YO4) SIUAWB3S 10 19GUINL A 10 LIBUR 1949 BuIads AQ paumLI3Iap 51 oK L
S5 popPY § ) Beiq
0000 [+ 0000
; z!:._ ; Ls 05L 1 J 7: v [+ Bunds seddn audpaR| | |
zZ ) Bupus o *
! e Swewsss | TutueT _ oo g,ﬂﬂ _ o3 _ a .S _ o
05000 Rwap) 0000 0000 0100 I SEMASYEEEED) B T z uoulios woe | uomedi3
Twawe | oW (ST ) !_|_| %0520 = _BS:.E F $U01955
wnedsse | sPpon NG (W) #sy0 92 () sorpumg W
o S50 3 ANGWORE | _uisn.a_uiﬂqc_ >_>_ nn_a_ooc&.?éououim!u_gs»:ougu_“-bﬁou_ngﬁ_ioi_o!ﬁ:am
— Bund reddn suipe | |
! e = ~ s 000 3
" 0000 [om@msing [~ freuaR) o L E o0
- |01 T e R T R L R T T
TR XEae 2df | our) peroards pre sy SPOYIS Y SRS papnjou| (69p/y 1) ssaups
SR $SAUYNG uoROIULG)
Enpapul o _ﬂ.ﬁ ~ 000 000 000 000'L 0000 0000 [~ ©dg apisu| BuAOp ssep -dong Q3 | A
PRz W & 000 000 000 052'S 0000 0000 - fong edg wep - flong Q3
[EEE Basi s opojy mar, d.smz WS [ FUwey [UowUReq | Wnwy [ (] peqees A [ G2l e w0 U3
T T T Rvony {6p) uonepssug pu3 anoge Wi | () uosod ameRH 1090 0) pauucg
uonoRuLE)
(o] T
L0110 | opryou] oleN
Bunads saddp) :eeq auny pp3

‘Buidwep yum uay)
‘Buidwep ou yyum pouad |einjeu [ed)}a10ay} 8y} 08y 0} 3s8} 3on|d e Ul 1081100 SI I AJusA [Im BA\  'saxoq Bojelp
1Bl puE Yo| Yy10q ul umoys ale ssauylys Buuds pue Buuds ay) jo Yyibus| oyl Y| Y} U0 UMOYS die Jeds 8y} apisul
syulod juswyoene ay | -sbuuds ay) |je yuasaidal o} Buuds Jusjeainbe ue 1oy sbues a8y} moys sexoq Lojelp asay |

buldg jusjeainb3 18




"$7Jq) Wi a1 abueyd Jo s8je) UOISUS) 'S/ Ul e
sejel inoded ) ul sie snoded pue sybus| [jq) Ui ase sebueyd UOISUS) pue SUOISUS | 310N

uoisue | payoadg | 00 (17| 0000zl
uoisus | payoads | (100 0
uoisus | paioadg
apop (8] pua abejs je [s) uoneing
auwl| uohenwis abejg

VoIS PO M L)
sbei5 Ay
:2dd | joptio])

| eaeg

8ZE0 El__ g Z z % 000 010000
(4) 1eyeure1q mop]y [ afis | wipm abeys Jo e)s je aseajay (s)budweq | (q) ssawms
Buweip papeys uag esea|ey 2 Goun,

0000 0000 0000 fong ledguep -fongqg 7

0000 0000 0000 1edg apisu| Buiaopy ssepy - fong 9 |
3 _ [ _ X p8lgg

(i) uonisod aanejey 290 0} j98uuo])

3 SUOII3ULTY

TY2UIR ‘23R Youm WP

‘Mmojag xoq Bojeip ayj ul umoys aJe sjuiod uo1}OaUU0D BUll YOUIM 8Y] ‘SN|eA ||[ews e 0} 189S
sI ssauyns ay| ‘Indino Jamod a8y} jo uoieindwod 1oy }pubew ay) Jo ANIDOJOA BANe|al JO SalIas awl) 8y} }8b ueo am
1By} yons Jeds ay) 0} pue jaubew ayy 0} }I Buiyoepe ‘Bumes uoisusy 01az yum adAy sul| Youim, e Jasul 0) JUBM S\

A100j9/\ 19ubey 10} aul] youip) aledald




0 [eaue] “WeN

‘SjRIap 10) 33 o)) “sjuswBas Jo 1equinu ay) 10 LIBUS| JuSIBaS Jauya Buikjaads 4q paunLizap 1 LuoneIuswIBas 3y |

L ! 0O Bt 0000t [« ~ 00001 [« seysafiod L |
swawBag [ (ywbua [ spay] | swewbag () wou= 10pe4 () yibua] adf | N
SANRA 3ARRIWNY Yse[] [ JoRquny | wRuibas jebie | uosuedx3 uogaRg aur)

4000 01 = Yibua) [0 | i SUONISS

_niﬂm_o _uﬁumm _ AlA _ 6eig _oosa.ogu s00e|§ InJ _oocoo.ou:ou freusie] _m.co.mou _»Eoenon:{ __ucoa.m_n__ ampnig

[« ~ [+ 000 4
0000 ws 0008l [ [sesind [+ feuse] [ : [~ ~ & 000 | ¥
(jqu) uoisua | (Bep) uoouy | zdais | Ldag saneig ul Buysia] | Buipuagq & | Buipuaq x pu3
ple sy Yinuizy /e | apnju| Spoyia |y SoIeIg papnjou| (6ap/yjq)) ssaugng

3R $S3UYNG UORIBUUT)
B o 000 000 000 G8C¥l- 0000 0000 [~ paxy | 3
B o 000 000 000 8100 0000 0000 [+ fong ledg ue - dong 09
3615 jo yeys [ ewwey [uoneurosq [ yinwizy [ (y) pageas R e S B 13l pu3
1@ aseapRy (53p) uoneyuau( pu3 aaoge biay || (i) uonsod 3aneiY 123i90 0} J03uuo]
“sadd | wsuwyoeny

et -
U0ISIO | 3pNjaU]

aul Iseaay 43)sa4jod Aong :ejeq 3ul] J1p3

"yoejs Joubew ay) 9al) Jo/pue yoe}s Joubew ay} ¥00| 0} Jeds ay} 0} [eusajul pasn
S| UI| 8SE8al Jayjouy "Pay00] Jaubew ay) Inoyim pue yum pouad |einjeu padwep aABay ay) %08yd 0} }s8) 3on|d
E 10} SUI| 9SBa|aJ Y} 9SN OS|E ||IM A\ "UOIIPU0d Buieo)} 9al) 10} Yelp ay} ¥0ayd pue Jajem ||I}s Ul aul| ay) ases|al
M 9A\  “Solweukp Buunp aseajal uay) pue Aong Jeds Qg 8y} JO UOIIN|OS J1}e}S MO|[e O} 8Ul| B S| aul| 8ses|al 8y |

ledg Joj aul] ases|ay aledald



00000L 0030
(ya1) (1) yibu=
ssauyng payojansun
ssaung

00L0 = I |-

L E o

DR nop) |

3fs

[ wpin, abe)g Jo J1e)§ je aseajay

Buimelp papeys

u3g asespy

0000 poo0 0000
0000 0000 0000

[«
_4

fong Jedg uiep - dong 9 q

Iedg apisu| Buiaop sse - dong Q9 i

Z _ f _ ®
() uoisod aAnejay 1a3iqQ

EELT) Pu3
0] J93uUuo])

$UOND3UUDY

JIEET] _
addT

jaubieul jo qand o) U

j2ubew jo yonjd Joj [>jul] :ejeq jui] 3p3

0 9be)s JO uelS Je asea|oy
ul umoys se paljdde aie saaem uaym solweuAp Buunp pasesjas siyul siy]  "s)se) pouad [esnjeu Jeds Joy jJoubew
ay} %20| 0} 0s|e pue pouad [einieu sy} ¥0ayd 0} Joubew ay) Buyon|d moje 0} 3ul| e si yul| 8ses|al Jaubew ay |

)oe)g 1aube|) Joj qul asesjay aledaid




V(01 65 L vo8)=vomsod| wsay ¥ " 4(BzZ-000 0921) = wowsod] =

[ 73|

elA®|(______ 1 HErEXL MK | #FBOO LR (E B-2C iz @ O® ([ EJXL PN #ME0Q0® (¢ B-®Q

PN MOPUM SIO0) SISPY YR MO UONEFORD PPOW W3 9 o MOPUM SIOOL SESSY YIRS MAIA UODRFORD PPOW W3 opd

xTeT= S (paypou) [€ JUse R3S 0S810\S00Z USE 12 DUIIRAL\X3YJeII0 SUAPID L\ )] - [SIMUPUAQ "SINIS SIANPOW PAIGRUI | 30° X310 <T@ " (PSUPO) [€ JS HIers OSBI0\G00Z UL 12 DUIPIL XaedI) SUAP3[3L || - [SHUPUAQ 'SINEIS SANPO Pae1]| 30D X3142010)

‘SaU|| 9seajaJ pue siadwng ¥oej}s Jaubew ay) yim [apow pajquiasse Ajjnj 8y} Moys smMalA asay |

|IOPOIN pajquiassy Aj|n4 JO MaIA



WGL'G=YZEY + ¥ GS + U /9l ¥ =Yeig oS
yeey =H
VW) . vnd H+2v¥2) «v1d . G0 BGS + Zv(BSL)pd L U 29L'P) « WAl ¥9 = SAI 092

HGL'G

=

Asje ‘0.z =yinwize) (80'6 X8| 4210 Aq §C

‘winuqiinba o) ajnes 11 18] pue solweuAp
ul Aonq 8y} aSeajal [|IM 8M 0S "SUONeINJ[ed puey Yim Buiioayd 1081102 i yeup Jeds 8y} wiiyuod 0} poob siy|

Jelq buieolq 8ai4 3d29y)d




Jedg Jo aseg woJj Joubeyy Jo ybiaH 1081100 186 0} Juiod Juswyoepy do] Bulds isnlpy

W /91°¢

L

ABfe ‘02z =yinwize) (806 Xa| 48210 Aq 8

uoI}B207 1084407 1k sbueH Yoels 18ubejy osy)d



ssauyils Bulids pue ssew ay} Joj sajdiound soisAyd ajdwis uo paseq joexs }8s S| polad [einjeN a8yl

(s) @ wy )
0 ¢
e

bs Aj31s20ja A 4 N 3

(oes) @ w |

AT 4««< Jf% ﬂ«a "

1eo jaubew omj| —

1eojaubew auQ——

paje|nuis - >

painses|\

saAIn) Aeda(g 4N




‘lepow
ay) aunj} auly 0} pash aq Ued Jajem [|iis Ul Aong ay} JO suope||ioso painsesw ay) ‘Aonq [enjoe ayj} uo pawlouad
s13s9) on|d pjal} & JI paun} auly aJe SanjeA 8say] einjess)l] uo paseq }as Ajejiwis s| ssew pappe a8y} pue
(D) sA 8y) awibal moyy payoadxa pue adeys Aong 1o} ainjeid)l| 8dUdI8)dJ UO pase( }os aie Sjusiole0d Belp ay|

S82U819)ay 10} XIpuaddy 893

pasn aq Ajleniu] [|IN SBNjeA
SSE|\ PappY pue sjusioiyao) beiq Aong jnejaQ




S 665} =1 ZHGZ9 =4

vy

|- Z -

[t

“““ U R SO WO SO WURUN SRRP SODI: S W
Err

| ! e

- Aong a9

(9) 7 Jedg apisu| Bunop ssep

ob bus|

pue aul| e Yjim
) uo Buind
Aq 1eubew
oY) ases|al
1snl pue Aonq
oY) 9zaal}

0] JUBM S\

polad |eineN Yoels 1aubey ¥oayd



S 6€6'L =1 'ZH9LS =4 " ydd S 96L°'L =1 ‘ZH /GG = 4 " @AesH

(s)sung (s)ouny
ozL 00l 08 09 oy 0z 0 0 - Z; £5 - - g- 22 8 6" oL
i L " i ! A 1 L B - d L e 4 = = b & 4 IS i A ) L i R i mﬁu

L pg-

7 \ €€

‘_=_f
o
(B9p) 7 uoneioy Aong Jeds We - Aong a9
\
{
\
\
)
Pl
\\
)
\‘m
(¥) Z Aong seds ue - hong Q9

8T

spoliad [eJnieN Yolld pue aneaH Jedg oay)



uonoun4 asuodsay Aouanbali{ aje|noje)n



T 0 _ jpoue’ _ “FaN

adf | aAem

0000 0s't 010 00081

'R IAem
AR M, UIRI| BARM 10) B1R(]

_|)I Buyojens eI >_
Pouej bugnang anewsury BWEN UIRl | BABA
(0000 | oL
{s) ubnQ aun | uonejrug suR1 | 3ARAH

_uc_.sm_d _ Puip, _tu_uld _Zo_>o.m 8>m3_ sanejw Pageas _ eal

eje(q Juawuociiaug J1p3

44 10 S}esd 199

Gubigewr | © | @ | 6o /
asem pousg | Wiy | uogoang

Jo|d 186 0} polad
anep\ abueyn

pue Jue}suod
JybraH anep)
Buidaay| senep) 18S



(zH) Aouanbaiy
006¢ 000¢ 00S°L 000°} 0050 0000
; 0
A
¥0
90

80

asuodsay yead

- Aoojop 1eubepy . = =

uonoun4 asuodsay Aouanbai




saAB\\ UUM suonenwig ulewoq awi |




0s or (i'> 0z (il 0
1 ! PR L
“““ R —,._o jooiu _.ﬁoz
.Am” nnnnn m AAAAAAA ...m,‘y.n Aw‘Llw<ml
f=23
o
=
] ] s ) - 0000 061 050 0008l
g : [sJuBug o | 0] W | Bep) |
2 odf | shem snem pousd | wbeH | uonseng
g ®eq M
W L2AR/M, U1 | B4R/ 10} @R Q
=
“““ 1 Tt i -- ¥z
_ [« BunarRns oA
‘Poyie iy Buitioreng onewsuny QW Wel | 3ABM,
“ ” Co— [ T
...... _ RREEE | B EEEEE ¥ {s) wbuQ swi | uonejug surel | aAR/M |
| Buwerd | pum |weumy meueigsesem | sane podees | eeS
—”—wl i - .,...‘.,\., B ejR(Q JUIWUONAUT PPT

SIN220 8suodsal Jueuosal
B JI 99s 0} polad |einjeu 8ABaY 8y} YIIM apioulod 0} pouad pue 1ybiay yum aaem a|buls Jeaul| e Ajoads s 197

uolneolioadg anep) ueadQ



sjuauodwo]) pasg [N 11000 5200

Jo 1aquInN [~ (cysls [ [zH)ouanbaly

‘sjuauodwo) _E Wnpoedg
= wrnaads pauad 1asn 0000 126 ﬁﬂ_‘ nnnaL
(s) ubug sun | (s) t] ap)
add| 93} SARM 2] \ $H uopaai(
/ ®jRQg 3rem
\ siy 0G| Spisueadq o>u3\-.£.— 2R 10)e1RQ

spaas pafjloads jasn)

_ﬂ Buyans |2 ‘;:P.,_

‘poye Buioiens aneusauny

{s) wbug sur | uonejnug

suiel | sARp, |

‘aJay OJUI [99X3 SIA WoJj 81sed/ind @M pue painseaw SEM WNJJ0ads UBSJ0 8y} 818Ym 3sed e S| aleH

ejeQ JUALWUoIIAUT JIp3

vl Al

(zH) Aouanbaiy
L 80 90 ¥0 Z0
i L 5 L 3 i

wnJoadg ueao ue Ajioadg

ol

(ZH/ 2v¥) Asuaq jeJpads



Jamod
aje|noje) o}
pasn AJI00|9A
yoels 1eubey

!
(e}
1

0
1000000000 1B (1) uogesa3 pRunu s

9|1J01d SABNN

v
0

soleg awl| IndinO




((nez1s)xew/(d)wns,GGe' L = LAY

S}IEM 0} S/1J-C| HBAUOD 0} SI GGE | %
-Jamod abeiany,

‘([ 1 L) 40j0D,'Jo6)1es

{([(¢)xew Q] wix, ‘eob)19s%

(2ABM.)311%

(,suep IndinQ Jamod,)eqelh

(.(s) awiL,)1eqex

(d'Moid

ainby

‘Zv' (P« P)«eN[EA Buidwep=d

anjeA Buidwep joubew xaedaso woly 9 z L= anjea buidwepy,

Jamod 18b 9,

“([1 1 1]' 10100, J0b)188
{([(1)xew o] wix, ©oB)195Y,
(oneM,)8111%

(.(sm) z-19A ennejay,)@qelh
(.(s) swiL,)@qelx

(p110(d

J = anjeAn buidwep
'(z":))ey Ldwep oepLw=p

(1 }ey zdwep ogy|w=)
ey zdwep ogpLw peo)

W GAHIP %

lamod abeiany 8)e|noje) o3 1duos gepey



/, suonsanp



XIANdddV



e e W

pesz |sms par | ez |zl w fonr | e Jem pous diyan,

o wng| 1 wwim gu saye smpsiueg P
peed Gin Hw eeE weej m [o]] " L

pee om jrsi mic L e ) Y “ " L]

Prange 3p A, CE g ueg
ot | e pm Pz [ewa]on [ [ | o0 ot drwmy srwnnay ans oy ys daymiogg | *

wrmradin mrna ® S8 080 By (b ige

prot | wa ko poe |eweo| we (o0 | % s oy g by W Pae e ey

- Bnam YOt Srum dnarp w mamy

P e OEwn e v w L3 " W e i rer® w3y wemy By peaes sgy

" neg neaal @1 | e Babaegess B gis seene ghiy bk
e uy v ey (RSO OB I’ ”»

o

L

Ji LU O S e T L] e | a8 [ -
"

zr

L LU I LRI T T T "
o ey Smag ¢ Bempe w8 ymen siemg Creene gigy
- W (on T (-3 - L] " .
s m |rn fim twry w® | w|w
- |
Ly at Jon fro jrecee| w5 [ e | @ [ Frep—
Spragge Gady pate by gb mayniep oy
gt M jsen 4 J\wd-. . " o o L TR T U S Ll i | Bt ]
e L ke’ | Ll g CaprpeBs Sew grem wase v selpe
pes f X Jom |5l __. e S w [13 .t Tyibvm) el gu vsann gl Ga gy
e X |ds (700 T._.: L3 w " L ¢
pre | o [ie Janfuas] o Je [0 fu
y
a3 w | ey roooner| 13 n Jox i e e
. dumy yaar oy ey
PR weymn (41 ¢ LIFAY I 4 o r ({3 18 AR e 1 Piaey S8y bty rorg 070 B 180y S [
— wr
2l ne | e il xsisr| o " o “
N | v ;.:_:_a. o o " “ 4
L) L L LA ) 1] et U M ST TV
reqe | morgtmer | g e dites 4o ABKAL Beb
iy AR TR LIPLY BT THETH B oy beqe e e moarbeg be
" wif o w0 Fnee) 1 a | oo |2 5
£ wi| ¢ o e |os |
cjhads wame yu s vemgyi
B 44| ¥E e | % f v | o | pdr| Hiengaikg | g
i o ots tr e | oae "
- 1| ™ ¥ v | w2 ]
1
L ol e ' it e L
W) firasag smmpe | » army 2y
7 al v o i vt | i = mwehey Gy Lalmy darcasig tasta puag [ ]
Ll L4 Ll ¢ Frdewi] & L3 Al ] r
£ it | #r ALY vilwe n Aanry e
PEHAZE tigty rivhaslds
L w| rz vefasun| e | 12 [ mieen | “1neq ® Babig e W

=g e [

wa | s | ae L | vnen pummmmd gy we agsane
. o regre= #4 p
i | =] so | safoet co]wn Jae e | ot | 59 aieia g biabarite sy yin thery|
% - ° . i ° ’ T ol A minm ey v
— = T
: =l =
z |2 5 13 1_.‘ hm_, w ) > 113 P
£ s | 2 |§:|2:1¢ 2| & 5|k s3 =
SEISF| E L2 (3z|8A 12| 53|92 i3 <
Bofek| T LB [2a)Zs (% | &) 8|35z 4] z
mm t2] 2 s |73 mn H L I nm m HHIAIEN20| 5 o WO LIR30 v
sl=82]| =15 |4 AR 213 =z -
«z| 5 E a5 Mu =l =
T° 1 € mm SL T B
H 1 " _ LHDIIE JAYe
TS gis, IYEIHAD TV

"3F MISIMY AINS MO4 ITIYIL w3 ANY FaTwe

Heyo ojels eas



- e
3 & -
* . = . 3 e
F 3 - =5 3 T - -
= | == = ST 3y T % G i g o 7 PP E
_ e - - T L
- e b sl § pacsi ¢
| HT. - £ = = ES . -84 4 =,
—fesbarton - — b e
=%
TRD I R e g
o oy S BETRS Ik o =
1 5y =) 3 S l»...ur.mH. e 1§
3 i tei? 7 ENES 3
! # : 3ty S
ESEER LT
0
~ 3 o {
| “% - - Y
=L
: £i4% - | b
% S TETL
H . v - - b a - e
[ [BRLSSSR DR R Es bas - "
¥ 151 | bami I - b1 4 3 .
2 e b g =00 2
s o s -
i e L it T b r
o [T ]
] 1 Y -
i L3
53t eI R - 7 T -
= = I3 I == il = LI
* : (TR
: [EF]
. ...1
o 2 — 4 T
=5 . HHES
S i - = i3
- ; =: i
Lk #- Y
b b r
~
=% 3 £ 3 | e feeds B2SE = o F B it ~
[ ST 225! WE PhH R E s S e B g 4

: (LA
T W] - 3B HUD||EUB | SR S—TT T

* 16004 u.-'. GRIGD T m.l.n _,, ‘

= AU Gwlin ==

ey Aloay | aAep\ uead



‘'sadeyq Apog (I€ pue (qz JO u3101J20)) 3ei(

7

Q) (©}
1S0 " e e l°8 Fund
- p11og ¥E 0 o S01*6<
; _Q
bEC “rw s eOm- I.nn_.l auvo) GE0 m.:.._
L P1IoS 021 ®
nny 86
ceo e | OIX2g [ — qQ diysno om.w Mw Woal4s o4
[2Po 280 ol Jojndipuad.iad
0]} 0} bL0 G 0L |7 1 W_Ho
. 5 |3| 0400 8970 2 - JapurjAd
L00 g1:3] s01x2¢ . 0
3 0 Jolow ' -¥ A0|n2I1]
prosdi 3 =0 B 0
1 0|3 O} 66'0 l
teo sorsse| ] Jo10npuadiad L8710 . Tf._/L WoaLys 04
090 S0 “m oL A m S1%0 Jolow G390 2 ¢0l< ﬁ.ﬁ |3)|050d s1xp
gl K= plosdi i3 180 r | -seeune
et'l 0=3 0§N241)
woaiys
bE0 L g0l< IY@!&. 04 %2402 .
¥ oy Haydsiway Om. . - 9 f
051 ol [ Y
: Ol< | o woaJ}s o}
. wodals 0zl s . |owsou 34 0(d
el ARk e0l< 0} 3ACIVOT e | "m J|nbue;dey
J3YdsIway
i ; WDaYs Of
ON.O i sOL*E ( 43} 2WDp cl’l D (Ot | 0 |GWwioy 340)d
oso ﬂo_ 0 as3ydg -30|} IDIN39
a3 041 uy YuNs uoILd1I5aQ 9 Oy vy uNBIS uoydiasag
UI133200 0110J Jagquwnu W03 oo 13qwny .
boig  |uorsuswig) spiovday adoys Apog bosg  |uorsuawig | sproviay adoys Apog

Jeyo jusioieo beig



2) asanz o'y 'uba Laowyy e 3yeng cl1) 3am)

1y v s oswaqds 0 juseuzeos B o) dig

salayds

QU SpPEeT L S 38 Nopsung o sIpupio Jumas Jof suanpaea Feg o cp fig

e
%
~ N
L= p Joti®
3 7T Z AR - vy~ b,
S <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>